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Abstract
M icrowave radiation is becom ing an increasingly widely accepted source o f energy 
in heating chem ical reactions, producing rem arkable increases in reaction rate, and 
som etim es better yields and product distributions com pared to when they are heated 
conventionally. W hen m icrowave heating is applied to solutions, the reason for the 
im provem ent can mostly be attributed to the faster, and more usually direct delivery of 
energy to the reagents, often leading to superheating. The application of microwaves 
to solid-state and m aterials synthesis and processing is much more poorly understood. 
W here rate enhancem ents have been seen, they are often for reasons analogous to 
those recognized in w et m edia -direct and rapid transfer of heat to specific parts o f 
the reactive system , som etim es leading to small, hot regions o f m aterial with a relat­
ively high microwave susceptibility (so-called ‘hot spots’). There has been relatively 
little work to try to explore such effects. Here we present new microwave applicators 
or reactors that have been designed to be used in conjunction with X-ray and neut­
ron diffractom eters, and applied to a num ber o f solid-state systems. In particular, we 
have developed tuned or tunable microwave cavities to be used in conjunction with 
an X-ray diffractom eter working either in transm ission mode with a capillary sample, 
or in reflection mode, with a flat plate. We have also developed further a microwave 
cavity that enables high-resolution neutron pow der diffraction patterns to be taken, 
and tested it successfully on the High Resolution Pow der D iffractom eter (HRPD), at 
the ISIS Facility, UK. One application that was planned was the elucidation of syn­
thetic steps in the m icrowave-assisted form ation of the zeolite ZSM -5; we established 
a reproducible method for m icrowave-assisted synthesis that is appreciably faster than 
when it is heated conventionally, but found that progress would require the bright­
ness of a synchrotron X-ray source. We also studied m icrowave-assisted processing 
of zeolites Na-Y and H-ZSM -5, accelerating the insertion of copper ions in the solid- 
state. Phase transitions in the ferroelectric m aterials BaTiO^ and KNbC>3 were studied 
by in situ  diffraction to determ ine w hether microwave irradiation can influence the 
transition between phases of different dielectric susceptibility, and evidence was found 
for a lower transition tem perature in the later case com pared to that o f conventional 
heating. In situ  neutron diffraction m easurem ents have provided the first direct evid­
ence o f differential heating under microwave irradiation o f heterogeneous catalysts in 
the form of M 0S2 or Ni particles dispersed over a high surface area A U O 3 support. 
This em ployed high-resolution m easurem ents of the cell param eters at a series o f tem ­
peratures achieved both under conventional and microwave heating, using the form er
1
to produce a calibration curve to establish a tem perature scale, and the latter to de­
term ine the effective tem perature of every crystalline phase under microwave heating. 
A differential tem perature o f the order o f tens o f Kelvin was found when the mean 
sam ple tem perature was one or two hundred Kelvin above room tem perature. Finally, 
we perform ed in situ  X-ray diffraction on a sam ple of A gl held in a glass capillary 
to observe the transform ation between the dense |3 phase, and the more open, fast-ion 
conducting a  phase; this revealed a significant reduction in the transition tem perature, 
possibly arising from a strong interaction between the microwave field and the defects 
or lattice m odes im plicated in the transition.
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‘M icrowave radiation’ is the term normally used to characterise the part o f the elec­
trom agnetic spectrum  with frequencies between 300 M Hz and 300 GHz (wavelengths 
o f about l m and l mm respectively), which lies between infrared and radio frequency 
radiation (figure 1 . 1).
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Figure 1.1 : Electromagnetic spectrum showing the microwave reg ion(1).
The first large-scale technological application of the microwave spectrum was for com ­
m unications and inform ation processing purposes. In order to perm it an efficient use of 
the spectrum  a list o f frequency allocations and regulations on perm itted radiations or 
conducted signals was produced. Only narrow frequency bands, centred at 900 M Hz
1
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and 2.45 GHz, are perm itted for microwave heating purposes in order to avoid inter­
ference with telecom m unication and RADAR (radio  detection and ranging) devices.
In general, the applications of microwave radiation fall into a few distinct categories'2':
• The m ost com m on use of microwaves now is as a source of heat. Exam ples of 
this include dom estic microwave ovens and industrial heating applications such 
as the production of radio-labelled d ru g s '3' among others. Frequency bands used 
for this purpose are 2.45 GHz and 900 M Hz respectively.
• The second m ost im portant use is in RADAR equipment. Generation o f a m i­
crowave beam, which is bounced off an object, and then detected, will give in­
form ation about the object such as its position, som ething about its shape, and 
som etim es w hether it is wet or dry. In that way, RADAR instrum ents can guide 
m issiles, locate storms, and direct aircraft pilots along flight paths.
• Com m unication systems. In this case, the information is encoded into a m i­
crowave beam and sent from a transm itter to a receiver. Virtually all com m u­
nication by satellites uses microwave beams in this way; as well as wireless 
com m unication systems, for example m obile telephones and wireless com puter 
networks.
• Radiotelescopes. Radiotelescopes are microwave receivers used to study m i­
crowave em issions from stars, galaxies, and even the leftover microwave energy 
from the Big Bang. Sensitive receivers can be built to detect the naturally oc­
curring microwave radiation that comes from any warm body, for exam ple the 
hum an body.
Electrom agnetic radiation propagates in space in the form of waves with two ortho­
gonal com ponents - an electric field (E, V m ')  and a magnetic field (B, A m  ') - 
which are also perpendicular to the axis of propagation (see figure 1.2). The m ath­
ematical description of the way these two fields interact was given by J. C. M axwell 
in 1873(4). However, the reproduction of this description is beyond the scope of this 
thesis.
Because the field com ponents are transverse to the direction of travel (there is no field 
com ponent in this direction) this kind of wave is called transveise electrom agnetic
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Figure 1.2: illustration of plane-wave com ponents® .
(TEM ). The field com ponents Ey and Bx vary sinusoidally in time and in space and can 
be represented b y ® :
Ey =  E()sin(tnt — fk) (1.1)
EnBx =  — s in ( m — (3z) (1.2)A)
where:
E0 is the am plitude factor (V)
03 is the angular frequency (radians s“ 1)
P =  g is the propagation constant (radians m ~ ])
Zo is the characteristic im pedance (Q.)
t is tim e (s)
Z is the propagation direction (m).
For free space, Zo gives the ratio between the electric and magnetic fields. It is defined 
as:
Zq = . I ^  =  317CI 
V eo
(1.3)
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£o being the perm itivity, and po the perm eability of free space. The perm itivity relates 
to the mechanical forces existing between two electrostatic charges in vacuum. The 
perm eability relates to current loops that are similarly spaced apart. The values for 
these two constants are: 8.854 x 1CT12 F m -1  and 1.257 x 1CT6 H m “ 1 respectively.
This thesis is prim arily concerned with the study o f the effect o f microwave radiation 
on the structure, processing and reactivity of a number of solid-state materials. We will 
first introduce the nature of microwaves and microwave-materials interactions, before 
considering in greater detail the application of microwaves in materials synthesis and 
processes, and the challenges to be faced in studying the mechanism of such processes. 
Finally in this chapter, we will outline the aims of the thesis and its structure.
1.2 Dielectric properties of materials and microwave heat­
ing
The passage of microwave radiation through a medium may lead to electrical and 
m agnetic polarisation, o f which the former is generally the more im portant in deliv­
ering heat to that medium. The electrical polarisation arises from the displacem ent of 
charged particles in the medium from their equilibrium positions and may possess both 
perm anent and induced components. The former is common in systems containing di­
polar m olecules while the latter may involve the polarisation of electrons o f individual 
atoms, or in more extended states such as those in molecules or metallic bands, as well 
as the distribution of charge in an ionic medium. In all o f these cases we quantify the 
response in term s o f the complex perm ittivity (also known as the ‘the com plex relative 
perm ittiv ity’), 8*.
This constant is a com plex quantity, com posed of two parameters; the real part or real 
perm ittivity  (also known as the dielectric constant) (£7) and the im aginary part called 
the dielectric loss or loss fa c to r  (e"). The dielectric constant is described m athem atic­
ally a s (7):
(1.4)
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&' describes the ability o f the medium to be polarised by the electric field, while e" 
describes the efficiency with which the energy of the electrom agnetic radiation can be 
converted into heat. N ote that Z0 in equation l .3 is equal to These quantit­
ies com m only depend on the frequency of the microwave radiation in relation to the 
characteristic relaxation tim e, x, o f electrical polarisation in the medium. This may be 
illustrated by considering the tim e-dependent polarisation of a fluid containing dipolar 
m olecules. If an electric field is applied, the medium may be polarised as the m olecu­
lar dipoles align with the field, and when the field is switched off this polarisation will 
relax as the m olecules collide and reorient them selves randomly at a rate l/x (8). The 
relaxation tim e for a spherical dipole using Stokes’ theorem is given by:
x =  4%r3n v/ k T  ( l . 5)
where,
n v is the viscosity o f the medium, 
r is the radius o f the dipolar molecule, 
k is B oltzm ann’s constant, 
and T  is the absolute temperature.
The relation between the dielectric properties of such a system (e", e') and x is given 
by the Debye equations.









where, £00 and £s are the high frequency and static dielectric constants and 05 is the 
frequency, which together with x characterise the rate o f build up and decay of polar­
isation. W hen x approaches the inverse-excitation frequency, the dipolar polarisation 
m echanism  becom es significant.
In general terms, when the microwave frequency is very large com pared to the rate of 
relaxation of electrical polarisation in the medium, both £; and £ are very small, while 
at relatively low microwave frequencies, the degree of polarisation may be laige (i.e. 
£7 may be large), but the energy loss will be small (i.e. £ is small). Energy loss is
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generally highest som ewhere between these two extremes, as illustrated schem atically 
in figure l .3, which shows the frequency dependence of both e' and e".
D ie le c tr ic  D ie le c tr ic  lo s s e s
lo s s e s  d u e  to  d ue  j 0  a to m ic  a n d
Figure 1.3: Schematic illustration of the real and Imaginary components of the 
dielectric constant as a function of frequency for collection of dipolar molecules.
In the figure is also shown the refractive index, r |2(9).
The key param eter that is used to quantify the effectiveness of the microwave held in 
delivering heat to the medium is the tangent of the phase lag 5 between the electric field 
com ponent o f the microwaves, and the polarisation of the medium. This is called the 
(dielectric) loss tangent; it may depend on the frequency of the microwave radiation 
and on tem perature, and may be expressed as follows:
ta n & = —  ( 1-8)
8
A lthough we have described the mechanism of microwave heating, and explored the 
dielectric response in terms m ost appropriate to m olecular solids, where any charges 
are bound to m olecules, there are other systems where the charged particles are free 
to move (for exam ple electrons in metals, or ions in solution or in melts). In all these 
cases, e ' and e" are used to describe the dielectric response, and tan 5 is used to quantify 
the efficiency of energy transfer. We now consider the nature of the dielectric response 
in a w ider range of systems.
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1.3 Dielectric polarisation
In the previous section we described the tim e-dependent electrical polarisation of m o­
lecular dipoles in a microwave field. In general, there are several contributions to the 
total polarisation (a ,)  o f a material in an electric field.
06/ =  0 i e +  (Xu +  CLd  +  06/ ( l  .9)
where the different contributions to a , are defined as follows.
a e the electronic polarisation, which arises from the realignm ent o f electrons 
around specific nuclei. 
a a the atom ic polarisation, that results from the relative displacem ent o f nuclei 
due to the unequal distribution of charge within the molecule, 
a,- the interfacial polarisation effect (M axwell-W agner) that occurs when there is 
a build-up of charges at interfaces. 
a d the dipolar polarisation, that results from the orientation of perm anent dipoles 
by the electric field.
The tim e scales for the electronic and atomic polarisation/depolarisation, a e and a a, 
are much faster than the microwave frequencies. As a result, neither o f these contribute 
significantly to the dielectric heating effect. Additionally, in heterogeneous materials, 
the interfacial polarisation is insignificant at microwave frequencies. In contrast, the 
tim e scale for polarisation (a d) associated with the perm anent dipole m om ent in many 
m olecular m aterials is com parable to microwave frequencies; therefore this is the most 
im portant m echanism  contributing to microwave heating, illustrated schem atically in 
figure l .4. A good example o f such a system - indeed the most common both in mi­
crowave chem istry and in domestic applications - is water. In the previous section it 
was stated that the transfer of energy from the microwave field to the water is most 
effective when the frequency of the radiation was comparable to l/x. At very low 
frequencies, x is shorter than the cycle tim e of the electric field, and the dielectric 
polarisation keeps in phase with it. The field provides the energy necessary to make 
the m olecules rotate into alignment with the electric polarisation. Some of the energy 
is transferred to the random motion of molecules in the fluid each tim e a dipole is 
knocked out o f alignm ent and realigned. The transfer of energy in this case is very 
small so that the tem perature hardly rises. If the electric field oscillates very rapidly, it
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changes direction fa s te r  than the response time of the dipoles. Since the dipoles cannot 
then rotate, no energy is absorbed and the substance does not heat up.
Figure 1.4: Polar molecules rotating under the influence of the electric field 
component of microwave radiation.
However, when the tim escale o f the electric field oscillation is com parable to the re­
sponse tim e o f the dipoles, they do rotate but there is also an inertia, arising in part 
from  interm olecular forces that damps their response, and gives rise to the phase lag, 
5. This leads to a displacem ent current that is 90° out of phase with the driving electric 
field, and the rate o f heat transfer is proportional to this com ponent of the current times 
the driving voltage supplied by the microwave field.
M icrowave radiation may also polarise and heat materials that are not com m only re­
garded as molecular. M any ionic materials have a significant response to microwave 
radiation and that response is more com m only described in terms of periodic displace­
m ent o f the constituent ions, that is in terms of the excitation of vibrations or phonons 
in the m aterial. We describe such phenom ena in more detail in section 1.7.
1.4 Conduction effects
One o f the ways in which microwaves interact with the matter is through conduction 
m echanism s. For an electrical conductor, for instance, the charge carriers such as 
electrons or ions are moved through the material when placed in an electric field (E), 
resulting in polarisation. The sample heats up due to the induced currents. The addition 
o f dissolved salts in water, for example, markedly affects the dielectric properties as the 
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losses. The dielectric losses o f solids with significant conductivity arise from these 
conduction term s*l0) and may be strongly affected by tem perature. A visualisation of 
this phenom enon can be seen in figure 1 .5 .
Figure 1.5: Charged particles moved under the influence of an electric field.
1.5 Interaction between microwaves and different states 
of matter
M icrowave radiation was first used in research laboratories as a source of heat after 
scientists realised that microwaves not only heat water as in domestic applications but 
can also speed up chemical reactions*1 assist organic synthesis*l2,l3) and help the 
synthesis o f solids*14,15,16,17,18).
As this in situ  m ode of energy conversion depends on the nature of the m aterial being 
irradiated it is hoped that this allows some additional control o f the properties o f the 
material and may lead to reaction selectivity in some cases. In previous sections the 
different m echanism s of coupling between the radiation and the material were con­
sidered, and these, together with the influence of heat on the properties o f the material 
play a central role in assessing the potential for microwave heating to be useful in 
synthesis and m aterials processing. It should be noted too that the interaction of m i­
crowave radiation with gases of dipolar m olecules has quite a different nature, and we 
contrast such a response with that o f many liquids and solids in the following sections.
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1.5.1 Interaction with gases
M olecules with dipole moments are free to rotate in the gas phase and they may be ex­
cited by m icrowave radiation whose energy corresponds to that o f transitions between 
quantised, rotational energy levels. This is the basis o f microwave spectroscopy, and 
the dependence of the spectrum on the symmetry of the molecule and its m om ents of 
inertia m ake it a powerful tool in determ ining m olecular structure-19̂ . The width of 
the resonance lines depends on non-ideal phenom ena such as the D oppler effect and 
interm olecular collisions. The resonance frequencies o f these spectra consist o f vari­
ous com ponents that are products o f the isotope shift and the hyperfine splitting in the 
gas. Isotope shifts tell us about atomic level properties and are due to the influence that 
atom ic nuclei o f different masses and charge distributions have on the electronic en­
ergy levels. The hyperfine splitting, on the other hand, is the splitting of energy levels 
as a result o f the interaction between the magnetic mom ent o f valence electrons and 
the m agnetic field associated with the nuclear spin angular momentum.
A lthough there is clearly a transfer of energy from the radiation to the collection of 
m olecules, and some of this energy will be converted into random motion (heat), the 
pow er levels involved are very low and this is not conventionally regarded as a m ethod 
of heating the system. It should be noted, however, that microwaves may be used in 
quite a different fashion to transfer considerable quantities o f heat to a gas: for relat­
ively high fields it is possible to produce charged species in the gas - m ost com m only 
after the gas has been ‘seeded’ with charged species using a spark - and such particles 
may be strongly accelerated by the field, leading to high-energy collisions and inducing 
break-down o f gas m olecules to produce further gas species. The cascade of ionised 
species that follows creates a very hot gas known as a plasm a. M icrowave-induced 
plasm as (M IPs) may be used as a hot reaction medium in which synthesis may be 
perform ed, and M IP methods are being more widely used in materials synthesis and 
processing (20,21 \
1.5.2 Interaction with liquids
M uch o f the early work on microwave-assisted chemical synthesis yielded significantly 
enhanced reaction rates, and sometimes increased yields, com pared to when conven­
tional heating was used. In many, if not most cases, this is now believed to arise from 
an increased tendency for superheating  to occur with microwave radiation. Boiling
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occurs when the free energy of formation of vapour becomes less than the free energy 
o f condensation, which is related to the surface tension. Under conventional heating, 
heat is usually transferred into the reaction vessel from the outside, and the walls of 
the vessel are generally hotter than the interior; furthermore, there are generally im ­
perfections, or adsorbed particulate matter at the walls, and these aid nucleation of 
vapour bubbles as they lower kinetic barriers. Boiling therefore usually occurs first 
at the walls o f the container. However, during microwave heating, the walls are not 
heated directly and the energy is dissipated inside the bulk liquid. The tem perature at 
the inner surface o f the wall, due to outward heat transfer, is generally lower than that 
o f the bulk liquid. There are generally fewer species at the interior o f the vessel to aid 
bubble nucleation, so the tem perature of the interior may rise significantly beyond that 
o f the therm odynam ic boiling point before bubbles form. The result is that the boiling 
point o f solvents may be raised by 10% or more above their normal values, though this 
may be reduced by the introduction of nucleating species to the solvent. It should be 
noted too that the efficiency with which a liquid may be heated with microwaves de­
pends on the dielectric constant (which may be further modified by the introduction of 
charged species), and on the temperature, which may have an influence on the viscos­
ity, and hence the characteristic relaxation tim e for m olecular re-orientation. Liquids 
o f non-polar m olecules will not be heated with microwaves, though the introduction of 
species such as metal particles may bring about co u p lin g "01.
1.5.3 Interaction with solids
M aterials may be classified for the purposes of applications according to their interac­
tion with microwaves as fo llo w s"2’.
• M icrowave reflectors: bulk metals and alloys that are used to produce microwave 
guides.
• M icrowave transmitters: materials transparent to microwave radiation that aie 
m ainly used to make containers for microwave applications. Am ong such m a­
terials are fused quartz, zircon, ceramic (without transition metals), many types 
of glasses, and polym eric materials such polytetrafluoroethylene (PTFE).
• M icrowave absorbers: materials that absorb energy from microwave radiation 
and convert it to heat.
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These bulk characteristics depend on the electronic properties o f the material as fol­
low s(l9).
Insulators. M ost solid materials are classified as insulators because they offer a large 
resistance to the flow of electric current. They therefore do not couple to microwave 
radiation via the conduction mechanism, but if they have a high dielectric constant, 
they may be classified as microwave absorbers. If the dielectric constant is low, they 
may be used as microwave transmitters. Further consideration of the m echanism s of 
m icrowave heating in such systems is given in section 1.7.
M etals. M etals have a high specific electric conductivity (typically a  «  107 Sm - 1 ) and 
a high collision frequency (vcol ~  104 Hz) of the charge carriers. Due to the fact that the 
frequency of an electrom agnetic field in the microwave part o f the spectrum is sm aller 
than the collision frequency of metals, the energy that electrons take from the field is 
d issipated rapidly by interaction with the lattice.
In bulk and pow dered metals, heating will depend heavily on conduction losses. Metal 
powder, which interacts strongly with microwaves, contrary to larger metal objects, do 
not produce sparks when they are irradiated due to their small dim ensions and large 
surface areas. Such effects have been exploited in synthesis, for exam ple to make 
metal chalcogenides(15>17) such as CrS, CrSe, Cr2Te3, as well as chlorides, oxochlor- 
ides, brom ides and nitrides( ) .
Sem iconductors and ionic conductors. When temperature increases, the dielectric loss 
factor o f sem iconductors and ionic conductors increases as the num ber and/or mobility 
of conducting species increases; heating becomes more effective and the differential 
in tem perature with respect to tim e (dT/dt) increases rapidly. The rapid increase in 
tem perature under these circum stances is described as thermal runaway. This property 
has also been used in synthesis, for example to prepare a wide range of mixed metal 
ox ides(18) such as CuFe20 4, B aW 04, and KVO3 by way of melt and quench approach, 
where the sam ple cools rapidly after the power is turned off.
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1.6 Microwave radiation versus conventional heating
H eating is one of the most common processes in industry, yet there are still challenges 
in delivering heat in a controlled fashion, and also in m inim ising cost and environ­
mental impact.
In practise, heat transfer may be achieved through any com bination of three m echan­
isms: conduction (by means of atomic or molecular agitation within a m aterial w ithout 
any m otion of the material as a whole); convection (by mass motion of a fluid such 
as air or w ater when the heated fluid is caused to move away from the source of heat, 
carrying energy with it); radiation (by the emission of electrom agnetic waves which 
carry energy away from the emitting object). However, the heating process will also 
be affected by the physical properties of the object such as its specilic heat, thermal 
conductivity and density. In other words, the thermal diffusivity of the material, which 
com prises the latter three properties, will determine the temperature rise inside the ob­
jec t as a function o f tim e and depth from the surface, subject to the conditions in the 
exterior. The larger the object is, the longer the heating will take.
M icrowave radiation is sometimes found to heat an object faster than conventional 
m ethods, and the distribution of heat in the object throughout the process may be quite 
different. F irst consider the heating rate. In conventional heating, this is lim ited by 
therm al conductivity and, for fluids, convection currents. In contrast, provided the m i­
crowaves can penetrate the medium and couple with it, the transfer of energy can be 
very rapid. It is also not necessary to heat the reaction vessel directly with microwaves, 
whereas m ost conventional methods convey externally-applied heat through the vessel 
walls.
For m aterials with a modest dielectric susceptibility, the radiation penetrates and heats 
fairly evenly throughout the medium, but cooling is fastest at the outside, so the in­
terior may get hotter and heat transfers occurs from the centre of the material towards 
the outside^11-).
If the material contains a second phase with a high dielectiic susceptibility - for ex­
am ple for m any heterogeneous catalysts comprising metal particles on a ceiam ic sup­
port - then the second phase may be heated directly and rapidly. The com parison
between the different ways of heating is illustrated in figure 1.6 .




Figure 1.6: Illustration of differences between (a) conventional and (b) microwave heat­
ing.
Som e advantages that microwave dielectric heating may offer over conventional m eth­
ods are as fo llo w s^0,8).
- Indirect contact between the energy source and the reacting m aterials due to 
rem ote introduction of the microwave radiation to the chemical reactor.
- Selective heating of different materials can be induced because they may interact 
differently with microwave radiation. This means that it may be possible to 
arrange for only reactants to be directly heated.
- The coupling of microwave energy is very efficient for lossy materials leading to 
rapid tem perature increases, and this may be im portant where kinetic control is 
desirable, or where there is a limited tim e to complete a reaction (for exam ple in 
the synthesis of m olecules for radiotherapy where the active isotope has a short 
half-life).
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- Controlled superheating m ight lead to particularly fast reactions in liquid phases.
- The sam ple can be cooled rapidly by switching off the power, m aking possible 
flash heating experiments.
- The differences in tem perature profiles in microwave heating may lead to differ­
ences in product distribution in chemical reactions.
1.7 Microwave-specific effects in chemical synthesis
The observation that microwave radiation may drastically reduce times for synthesis or 
processing through enhancem ents in rate, as well changes to products, has generated 
interest in discovering more about the mechanisms that lead to such effects. W here the 
reaction is perform ed in solution, and where accurate and precise m easurem ent of the 
tem perature is made, any changes compared to conventional heating may often be at­
tributed to superheating. However, a variety of ‘microwave specific effects’ have also 
been postulated. In a sense superheating is a microwave specific effect because it may 
arise through the particular way in which heat is delivered to the system, so a distinc­
tion should be made between those effects that arise as a consequence of the way in 
which m icrowave radiation changes the temperature profile of the system, and those ef­
fects that are not a direct consequence of heat - sometimes called ‘non-therm al’ effects.
The study o f any such effects depends crucially on good experimental technique - par­
ticularly in thermometry, and in developing methods to follow changes in structure 
and com position during irradiation. For example, the therm ocouples that are often 
em ployed to m easure tem perature under conventional conditions may couple directly 
with a m icrowave field, distorting both the field and the tem perature they are inten­
ded to measure. Alternative types of therm om eter all have lim itations, and we explore 
these in greater detail in section l .9.
In general term s, theories about anomalies in heating with microwaves involve the 
follow ing effects{-2T>\
I . lowered activation energies - particularly through the coupling of polar interm e­
diates or transition states with the microwave field;
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2 . enhanced diffusion due to increased vibrational frequency of the ions caused by 
the electric field of the microwave radiation;
3. the excitation of a non-equilibrium  phonon distribution in crystal lattices*22 ;̂
4. quasi-static polarisation of the lattice near point defects;
5. the ponderom otive action of the high frequency electric field on charged vacan­
cies in the ionic crystal lattice^24).
We now explore som e of these effects in greater detail, focusing on those that are par­
ticularly relevant for so lids(25’26).
It has been suggested*261 that the activation energy for ionic motion o f crystalline 
solids may be reduced during microwave heating as a consequence of the excitation 
of non-therm al phonon distributions by the microwave field. The suggestion is that 
radiation energy couples into low frequency elastic lattice oscillations, and generates 
a non-therm al phonon distribution that may enhance the ionic mobility and increases 
diffusion. Enhanced ionic motion has also been proposed in NaCl and A gC l(27); it 
was shown that oscillatory defect fluxes, driven by the microwave field, are rectified 
near crystal surfaces and boundaries. Charge defects can then be driven away from or 
pulled towards a surface, producing a near-surface depletion or accumulation. The dif­
fusive flow of the defects within the material m ight result in creep deform ation and/or 
form ation of a quasi-stationary distribution of electric potential. Enhanced mass trans­
port in a microwave field was dem onstrated in a particularly elegant experim ent de­
signed to disentangle thermal and non-thermal effects*28 .̂ Here, a pressed disc-shaped 
pellet o f Y bB a2C u30 7-^  was placed inside a larger pressed pellet o f YBa2Cu30 7_* 
then heated in a microwave cavity with a known polarisation relative to the interface 
between the two materials. After extended periods of irradiation, the interface between 
the two m aterials was studied with a scanning electron microscope which enabled the 
distribution o f Y and Yb to be mapped, and it was revealed that the ionic diffusion was 
significantly enhanced along the direction of polarisation of the electric com ponent of 
the field com pared to the perpendicular direction.
It is often difficult to draw a line between ‘thermal and non-thermal effects. Even 
if an accurate and precise means of thermometry was available, it would generally
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provide a m easure of tem perature averaged over a region of the material. There is in­
creasing evidence that the microwave heating of solids leads to ‘hot-spots’, some of 
which may extend over very short length scales. These in turn may lead to local rate 
enhancem ent when the material in question is part o f a reactive system. In an exper­
im ent using pow dered alumina, Stuerga(29) showed that differences in reaction yield 
between classic and microwave heating can be explained in terms of localised super­
heating. This localised rate enhancem ent is observed in organic synthesis and inorganic 
solids, and is due to the fact that these materials do not posses efficient mechanisms 
o f redistributing heat. These local effects may arise in heterogeneous m aterials - for 
instance supported metal catalysts, as will be explored in Chapter 6 - or hom ogeneous 
granular m aterials in which strong field gradients may be established, and in which 
electrical discharges may occur across such gradients, leading to high local heating 
and even plasm a discharge.
The point at which one distinguishes between such local effects, which could be re­
garded as a form of superheating - and hence a ‘therm al’ effect - and coupling with 
atom ic defects, which also lead to a transfer of energy to a specific region of the solid, 
is not clear. There is also still work to be done on understanding better the mechanism 
o f coupling of microwave radiation with solids in general (30’25). The general features 
o f the coupling are moderately well understood. First, the modes that are excited dir­
ectly m ust have som e dipolar change associated with them, that is they must be optical 
modes. However, the typical frequency scale for such modes is in the THz region, 
whereas microwaves are generally three orders of magnitude lower in frequency, and 
one would expect the coupling efficiency to be very low. For this to occur, that is, 
for the microwave energy to match a difference in phonon energy, the microwave ab­
sorption has to be seen as a m ultiphonon process. In principle the efficiency of such 
processes could be m odelled and used to predict or rationalise the strength of coupling. 
However, there is a related property of the material that is also crucial in rationalising 
microwave effects in solids (which is less commonly studied). This property is the rate 
at which the energy deposited into particular phonons is redistributed. Intuitively one 
would expect the rate o f such equilibration processes to take place at a similai iate to 
the vibrations in the solid, i.e. of the order o f THz, so if a pulse of microwave en­
ergy were to be delivered to a material, one would expect an equilibrium  distribution 
o f phonons beyond tim escales of the order o f 1 ps. However, if a solid is subjected to 
continuous m icrowave irradiation, the continuous redistribution of such energy - which
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relies on anharm onicity and the efficiency of coupling between phonon m odes - could 
be in some cases insufficiently efficient to prevent a significant perturbation away from 
equilibrium .
1.8 Microwave transmission and applicators
In order to develop a better understanding of the various m echanism s o f microwave 
heating, it is necessary to know the nature of the microwave field and tem perature ex­
perienced by the sample. Commercial equipm ent does not cater for these needs very 
well, particularly at elevated temperatures. We therefore designed, built and applied 
custom  apparatus for our work and in order to establish the principles on which the 
design was based, we describe here some of the fundam entals of microwave genera­
tion and transm ission of microwave radiation in heating systems. We will also explain 
the im portance o f reliable tem perature measurem ents in microwave heating systems. 
A more specialised description of some of the subject matter is beyond the scope of 
this thesis. However, there is an extensive literature on microwave transm ission the­
o ry ® .
In general term s, for many, a ‘m icrowave’ system connotes a microwave oven such 
as the one used in kitchens for heating food. However, since the early I980’s ® \  m i­
crowave heating system s can also be used in industrial and medical applications for 
several different processes^32,33,34’35,36  ̂ and the demands of such applications are often 
beyond w hat a dom estic microwave oven can deliver.
M icrowave heating system s have been designed and developed over the years based on 
their application and in a variety of arrangements. Commonly, microwave heating sys­
tems can be described as consisting of three major parts: a generator, a transm ission 
line and/or an applicator, and a system for the control o f temperature, pressure, and 
power, am ong others. This is illustrated in figure 1.7, where the scheme of a relatively 
sim ple m icrowave system such as a domestic microwave oven is shown.
In this system , a m agnetron (a high-power source) generates microwave energy that is 
fed through a waveguide (the transm ission line) to the oven cavity (the applicator, 
which is a rectangular multi-modal cavity made of metallic reflective walls). The 
pow er with which microwave is applied to the sample is controlled by the electronic
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Figure 1.7: Schematic drawing of a domestic microwave oven - as applied to 
simple laboratory experim ents(37).
control system s (not shown in the figure). In this particular example, a ‘mode stirrer’ 
(a m etallic fan blade) and a rotating plate are used to ensure a more uniform  heating of 
the sam ple as will be explained in the following sections.
1.8.1 Microwave generators
M icrowaves can be generated in a variety o f ways. M ethods in use are classified ac­
cording to the type of energy carrier involved such as electrons in a vacuum (vacuum 
tubes) or charge carriers in sem iconductors (solid state devices). Solid-state devices 
use m aterials such as silicon or gallium arsenide. They also include several types of 
transistors and diodes. Vacuum tubes however, use devices that operate basically as 
‘electron guns’ under controlled electric or magnetic fields. These include the klys­
tron, the gyrotron, the travelling wave tube (TW T) and the m agnetron(38\
1.8.1.1 Klystron
A klystron is a velocity m odulated tube in which the velocity of the electrons is m od­
ulated using a transit-tim e effect. In a two-cavity klystron, when energised, a cathode 
em its electrons that are focused into a beam after passing by a ‘control’ grid set at a 
low positive voltage. The beam is then accelerated by a high positive DC potential that 
is applied with equal am plitude to two more grids - the ‘accelerator’ and the ‘buncher’ 
grids. The buncher grids are connected to a resonator cavity with a superim posed AC 
potential caused by the oscillations within the cavity. These oscillations in turn pro­
duce an oscillating electrostatic field between the buncher grids causing the direction 
of the field to change according to the frequency of the cavity. Here, the electrons of 
the beam, after passing through the grids, are accelerated and decelerated alternately.
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The area after the buncher grids is called the drift space. In the drift space, the elec­
tions will form bunches when the fast (accelerated) electrons overtake the slow ones 
(decelerated).
The catcher grids in the second cavity have the function of absorbing energy from 
the electron beam . Thus, they are placed along the beam where the bunches are com ­
pletely formed. To ensure maximum energy transfer to the catcher cavity, the location 
o f these grids is determ ined according to the transit time of the bunches at the natural 
resonant frequency o f the cavity. This is when the electrostatic held is o f the correct 
polarity to slow down the electron bunches.
The tw o-cavity klystron is used as an amplifier with narrow bandwidth. W hen more 
am plification or output power is required, this can be achieved by placing more cavities 
in series in the same klystron. The power produced in the intermediate cavities is not 
removed. In fact, the induced current is used to generate extra velocity modulation as 
a cascade o f amplifiers.
1.8.1.2 Travelling wave tubes
A travelling wave tube (TW T) is an electronic device used to produce high-pow er ra­
dio frequency signals. The operating frequencies range from 300 M Hz to 50 GHz. 
This device is an elongated vacuum tube with a heated cathode (the electron gun) at 
one end. A solenoid coil wrapped around the tube creates a magnetic field that focuses 
the electrons into a beam. The beam is then sent through the m iddle of a wire helix to 
strike a collector placed at the end. The wire helix is used to stretch the length of the 
tube and also acts as a delay line, where a radio frequency signal travels at the same 
speed as the electron beam along the tube. In lower-power devices, the solenoid coil 
can be replaced by perm anent magnets.
One o f the two-directional couplers is fed with a low-powered radio signal. A two- 
directional coupler is either a waveguide or an electromagnetic coil. A low-powered 
radio signal is introduced near the em itter to induce a current in the helix. This induced 
current causes the electrom agnetic field to interact with the electron beam, giving rise 
to bunching o f the electrons (velocity modulation). Because of the beam current, the 
electrom agnetic field induces more current back into the helix. This feedback effect 
leads to current build up which is amplified as it passes through.
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A second diiectional coupler, positioned near the collector, receives an amplified ver­
sion of the input signal from the far end of the helix. An attenuator prevents any 
reflected wave from travelling back to the cathode.
1.8.1.3 Gyrotron
A gyrotron is another travelling wave tube also known as a free electron M ASER (M i­
crowave Am plification by Stimulated Emission of Radiation). Here, an electron beam 
is sent at an angle into a cylindrical waveguide where a strong magnetic field forces 
an electron beam  to travel into a cyclotron motion. Typical output powers for this type 
of tube range from 10’s o f KW  to l -2 M W  with output frequencies from around 20 
to 250 GHz. U nlike conventional vacuum tubes, at lower wavelengths (within m illi­
m etres), the pow er can be very high because its dim ensions can be much larger than 
the wavelength. Also, the output is not dependent on material properties, as is the case 
with conventional M ASERs.
1.8.1.4 The magnetron
The m agnetron is also called the ‘crossed-field’ device. This is due to the fact that both 
m agnetic and electric fields are employed in its operation. They are also produced per­
pendicular to each other so that they cross. In principle, a magnetron is a coaxial diode 
that is placed in a strong axial magnetic field to force the electrons into curved orbits.
In a cavity m agnetron, the anode is divided into a num ber of segments connected by 
resonators allowing different modes of vibration. In order to create a mode in which 
the barriers between the cavities have alternating polarities, big and small cavity sizes 
are also alternated.
Electrons from a hot filament placed at the centre (the cathode) are bunched together 
in groups by an AC electric field that is created adopting a pattern in the form of wheel 
with ‘spokes’. These spokes pass the opening of the cavities where a decelerating 
m agnetic force deflects them so they tend to sweep around in circle (see figure l .8). 
W hen this happens they ‘pum p’ the natural resonant frequency of the cavities. The 
currents around the resonant cavities cause them to radiate electrom agnetic energy at 
that resonant frequency. The applied magnetic field is constant and the central cathode
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is heated to supply energetic electrons which would, in the absence o f the m agnetic 
field, tend to move iadially outward to the ring anode which surrounds it.
Hot cathode emits 
electrons which
Figure 1.8: Schematic illustration of a magnetron(39).
Due to the extended interaction of the high-frequency electrom agnetic field with the 
electron beam  the conversion efficiency is much higher with magnetrons (60%) than 
with reflex klystrons (6% )<l9). Hence, magnetrons are preferably used in microwave 
heating devices, in particular in domestic ovens. In a microwave oven, for instance, 
a 1100 watt input will generally create about 700 watts o f microwave energy, an ef­
ficiency o f around 65%. This is far more efficient than the klystron, which typically 
operates around 30%. M odern solid state microwave sources typically operate around 
25 to 30%, and are used prim arily because they can generate a wide range o f frequen­
cies. Thus the m agnetron remains in widespread use in roles where precise frequency 
control is not important.
1.8.2 Transmission lines
Thought m icrowave radiation is part o f the electromagnetic spectrum, it can not be m a­
nipulated in the same m anner as other types of radiation. Instead, microwave radiation 
is treated m ore as a wave, as opposite of a beam of photons, and therefore the com pon­
ents for transm itting microwaves are much like those used for electricity transm ission. 
Open wires, coaxial cables and parallel plates have been used to transm it microwaves 
in the elem entary TEM  mode, as in free-space transmission. W aveguides have also 
been used which have the advantage that can be operated in different electrom agnetic 
m odes depending on their dimensions.
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A lthough microwave radiation may be transm itted using open wires, for exam ple along 
a pair o f conductors, this is not very practical at microwave frequencies. On these trans­
m ission lines, the physical separation between the conductors, which is an im portant 
o f the wavelength, becom es significant a distant point. This has as a consequence a 
deficient pow er transm ission and radiation losses into space. W aveguides on the other 
hand, have the advantage of behaving as a transm ission line at lower frequency in many 
im portant aspects while energy and power are transm itted more efficiently.
In the fellow ing sections we describe some of these transm ission lines and their char­
acteristics.
1.8.2.1 Parallel-wire line, parallel plates and coaxial line
The essential feature of these transm ission lines is that in the fundamental mode the 
energy propagates with the associated electric and magnetic fields transverse to the 
axis of the line, thus there is no axial com ponent of both fields. As seen before, when 
the electric field and the magnetic field are transverse to the direction of propagation 
the wave is said to be propagating in a transverse electrom agnetic mode (TEM). A 
TEM  m ode it is very desirable because it has no dispersion and no low frequency cut­
off. The propagation velocity of the TEM  wave is the same as for a plane wave in the 
dielectric medium. For example, consider the voltage generated between two straight 
parallel conductors carrying a direct or low frequency alternating current to a term in­
ating resistor. Both the resulting electric- and magnetic-field patterns com prise only 
com ponents lying in the transverse plane to the axis, as predicted in electrical theory, 
hence there will be not upper limit to the frequency for the TEM  mode. As there is not 
an axial com ponent o f either the E  or the H  fields then the system is very sim ilar to 
a plane wave: this is, the propagation velocity of the TEM  wave is the same as for a 
plane wave in the dielectric m edium (2).
The characteristic im pedance (Zo) of a TEM transm ission line is L /C ) Cl, where L  
is the inductance and C  is the capacitance per unit length of the line. The values for 
the three TEM  configuration for a parallel plate, a coaxial line and parallel conductors 
are shown in table l . I <7).
From  these transm ission lines, parallel-plate line is of importance as the basis o f heat­
ing ovens with with conveyor bands, while the coaxial line is often used as the output 
section o f m agnetrons because is a conveniently flexible line for low power (<  l kW).
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Table 1.1: Characteristics of TEM transmission lines for air dielectrics.
Line type L / H  m “ 1 C / F m “ 1 Z q /Q .
Parallel plate; spacing a, width b «¡a
b
£0b 
a I V ?
Coaxial line; inner diam eter a, vologe('j)2n 2 tzeqloS*(-a)outer bore b
Parallel conductors; conductor 5 % «  ( 7 ) 3t£0M r) 1 0 i d ? ) )  \ J §radius r, spacing d
However, coaxial lines suffer from high attenuation which can lead to over-heating.
One disadvantage of parallel conductor lines are that they can not be used at microwave 
frequency because they are very long compared with the wavelength, and radiate heav­
ily. However, they are widely used in radiofrequency applications at 27 MHz.
1.8.2.2 Waveguides
In alm ost every industrial and commercial microwave oven, waveguides have an es­
sential role in transm itting power from the generator to the load. The heating cham ber
itself is often base too in waveguide technology. It is therefore im portant to under­
stand the som e of the characteristics of waveguide transmission. For a m ore detailed 
description please refer to the specialised literature(“,7).
I.8 .2 .2 .I. R ectangular waveguide
From M axw ell’s equations derived for rectangular co-ordinates (see figure 1.9) x ,y ,z  
to the E  and H  fields we have:
< ^  + <^l + lc2Hz =  0 ( 1.10)dx2 oy-
^ + ^ + k 2Ez = 0 ( 1. 11)dx2 dy~
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Figure 1.9: Rectangular waveguide coordinate system (2).
where:
k2 =  G52iuo£o+'y2 (1.12)
and:
y = a  +  yp (1.13)
where,
k  is the wave number, 
y is the com plex propagation constant, 
a  is the attenuation constant (nepers m ^ 1), and 
P is the phase constant (radians m T 1).
The propagating waves based on equation 1.10 are designated H  modes or TE (trans­
verse -electric) m odes as they have an axial com ponent of the magnetic held but not 
an axial electric held (Ez — 0). Similarly, propagating waves based on equation 1.11
are designated E modes or TM  modes (transverse-magnetic) where the axial magnetic
held Hz =  0.
Also possible is the solution where both Ez and Hz are zero (k  =  0) which are desig­
nated TEM  modes. Figure 1.10 shows an schematic representation of some o f these 
modes for a rectangular waveguide.
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Figure 1.10: Field patterns of some fundamental modes in a rectangular wave­
g u id e ^ .
I.8 .2 .2 .2 . C ircular waveguide
We consider two cases of circular waveguides: a circular dielectric waveguide (or 
optical fibre) and a metallic circular pipe (see figure 1.11). The solution to M axw ell’s 
equations for the propagation wave in this geometry is com plicated by the fact that 
circular cylindrical co-ordinates are needed (r. 0 ,z).
Figure 1.11: Schematic drawing of circular waveguides and coaxial cable.
The derivation of the field equations follows the pattern as for the rectangular wave­
guide, resulting in a pair o f wave equations like equations 1 .1 0 -1 .1 3  expressed in 
cylindrical coordinates whose solution can be expressed in Bessel functions and deriv­
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atives.
A circular w aveguide also supports both the T E  and T M  waves as is shown in fig­
ure 1 . 12 .
Figure 1.12: Field patterns for some fundamental modes in a circular wave­
g u id e ^ .
As there is a fam ily of modes for each type of wave, each with their own cut-off 
wavelength, a double subscript notation is used to designate the various modes. The 
first subscript being a measure of the circumferential variation in the field pattern. The 
second subscript being a measure of the radial variation of the field pattern.
1.8.3 Microwave applicators
M icrowave applicators are devices designed to heat a sample by exposing it to a m i­
crowave field in a controlled environment. In order to achieve this, a controlled interac­
tion between the sam ple and the microwave radiation has to occur under safe, reliable, 
repeatable and econom ical operating conditions.
The two general classes of microwave applicators are multimode and single cavities. 
Each o f them  will be described in the following sections.
1.8.3.1 Multimode applicators
The m ost com m only used form of multimode applicators is as m ultim ode ovens. M ul­
tim ode ovens are often used for processing bulk materials or arrays of discrete m ateri­
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als with large dim ensions. The sim plest configuration for this type of applicator takes 
the form o f a closed metal box that is excited at a frequency well above its fundam ental 
cut-off frequency. In principle, a multimode oven supports a large num ber of resonant, 
high-order m odes sim ultaneously (sim ilar to waveguide type modes). In order to es­
tablish a reasonably uniform electric field throughout the cavity, as many as possible 
m odes have to be excited. W hen this happens, more uniform heating is obtained even 
when the field perturbing effects o f the sample being heated are also present.
Uniform  heating can be achieved by means of metallic mode stirrers to ensure that all 
the possible m odes are excited and by a rotating turntable for the sample which will 
enhance the uniform ity of irradiation of the sample.
1.8.3.2 Single mode resonant applicators
A resonant cavity essentially consists o f a metallic enclosure into which a microwave 
signal o f correct EM  field polarisation will suffer multiple reflections between pre­
ferred directions. The superposition of the incident and reflected waves will give rise 
to a standing wave pattern, well defined for simple structures. Knowledge of the con­
figuration of the electrom agnetic field will allow the correct placem ent o f the sample 
at the position of m axim um  electric field for optimum transfer of the electrom agnetic 
energy.
Single m ode applicators are in general more compact and have much higher power 
densities ( 107kW  m -3 ) com pared to multimode cavities, and because of this, operation 
m ust be within narrow frequency bands in order to maintain high coupling efficiencies. 
The large energy storage in such cavities can be transformed into heat via displacem ent 
and conduction currents through the dielectric material as soon as it is placed in the 
heating zone.
1.9 Temperature measurement during microwave heat­
ing
One o f the m ost com m on problems encountered during microwave heating experi­
ments com es from the fact that inhomogeneous heating may occur inside microwave 
ovens or cavities or even more significantly inside the sample itself as is illustrated
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by table 1.2. This displays the tem perature at which boiling is observed for various 
solvents during microwave irradiation, com pared to the conventional boiling point.
Table 1.2: Comparison between the temperatures at which boiling is observed dur­
ing the microwave heating of various solvents measured with a p-xylene therm o­
meter, a fiuoroptic sensor, and an IR pyrom eter(34).
M easured boiling tem perature / K
Solvent b.p./ K p-xylene therm om eter Fiuoroptic sensor IR pyrom eter
h 2o 373 377 377 378
M eO H 338 351 357 357
2-PrOH 355 360 373 381
TH F 339 352 354 376
CH 3CN 354 370 380 393
The difference between som e of the boiling tem peratures recorded in this table for dif­
ferent solvents - 4 to 30 K - is very significant and arises from the superheating effect 
described in section 1.5.2. In this case, it was noted that the fiuoroptic sensor is not 
ideal because the tem perature is ju st taken in one point, and the IR pyrom eter gives the 
average m easurem ent o f a surface layer of liquid.
This exam ple shows that an accurate tem perature measurem ent during microwave irra­
diation is notoriously difficult. One reason for this difficulty is due to direct microwave 
heating of ordinary therm ocouples and thermometers, which may often absorb much 
more o f the energy than the system whose temperature they should measure.
In alcohol therm om eters, for example, microwaves heat the alcohol directly and, when 
it is used w ithin a liquid medium that is a poor microwave absorber, the therm om eter 
will tend to give readings above the actual temperature. On the other hand, m ercury 
therm om eters may be subject to electrical discharges that not only reduce reliability, 
but can also be dangerous in the presence of flammable liquids. So, devices used to 
m easure the tem perature in microwave heating apparatus are expansion therm om eters 
containing a non-polar liquid, fiuoroptic sensors or IR pyrometers. Some of these 
devices and their applications are described in greater detail in following sections.
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1.9.1 Xylene thermometer
X ylene could be a replacem ent fluid in the alcohol/mercury therm om eter because is an 
‘inert liquid, electrically non-conducting and it has a very low dielectric loss tangent. 
D espite these characteristics, the use of this therm om eter is lim ited since it cannot be 
readily used as the basis of a control system for the magnetron. It was found out that 
m easurem ents taken by this device were typically accurate to within 0.5 K (l0).
1.9.2 Gas pressure thermometer
A gas pressure therm om eter(40) consists o f a capillary tube with a large bulb on one end 
and a pressure transducer (O-l atm) at the opposite end. The gas used in this device is 
typically nitrogen, which is introduced in the capillary; this gas can be evacuated via a 
T-joint adjacent to the transducer. The transducer registers the analogue voltage output 
(translated as pressure values with a suitable calibration) when the pressure o f the gas 
in the bulb increases due to increm ents in the temperature. With suitable amplification, 
this may provide the basis for control o f the microwave power.
1.9.3 Infrared (IR) pyrometer
IR pyrom eters ̂ 41) can measure the temperature of an object w ithout the need for con­
tact. This can be useful when the object to be measured is small, or it moves or is 
inaccessible, or where a fast response is required (such as in dynamic processes), or 
for processes at very high tem peratures - 1200 K and above. A disadvantage of this 
technique is that it only probes the temperature of the surface, and this may be signi­
ficantly different from that o f the interior.
The technology involved in an IR radiation pyrom eter is based on the principle that all 
objects that are hotter than their surroundings are net emitters o f radiation at wavelengths 
in the IR region of the electrom agnetic radiation spectrum(wavelengths of 0.4 to 0.75 
pm ). This radiation is intercepted and measured by the therm om eter and returned as 
an output signal calibrated in different ranges. The typical tem perature range, which 
allows m easurem ents over distances from centimetres to kilometres, is between 223 K 
to 3273 K.
D ifferent kinds o f materials and gases have different emissivities, and will therefore
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em it IR radiation at different intensities for a given temperature. The em issivity o f a 
material or gas is a function of its molecular structure and surface characteristics. In 
the case o f visible light, for example, the more highly polished some surfaces are, the 
m ore IR energy the surface will reflect. The surface characteristics of a material will 
therefore also influence its emissivity. In temperature m easurem ent this is m ost signi­
ficant in the case o f infrared opaque materials which have an inherently low emissivity. 
Thus a highly polished piece of stainless steel will have a much higher em issivity than 
the sam e piece with a rough or m achined surface. This is because the grooves created 
by the m achining prevent as much of the IR energy from being reflected. In addition, a 
third factor affecting the apparent emissivity of a material or gas is the known sensor’s 
spectral response (or wavelength sensitivity of the sensor). As stated earlier, only IR 
wavelengths between 0.7 and 20 pm  are used for practical tem perature measurem ent. 
W ithin this overall band, individual sensors may be used and operated in only a narrow 
part o f the band, such as 0.78 to 1.06, or 4.8 to 5.2 microns, for better results.
1.9.4 Fluoroptic thermometry
The fluoroptic therm om eter(42  ̂ can be a very useful system in microwave heating 
m easurem ents due to the fact that the probe does not contain any m etallic or high loss 
m aterial. The probe is based around a fibre optic cable with a tem perature-sensitive 
phosphor painted onto the tip. The phosphor, manganese-activated magnesium fluoro- 
germ anate, displays a deep red fluorescence on being activated with blue light (a 
filtered xenon flashgun for example) whose decay time is tem perature dependent. The 
fluorescence produced in the phosphor is transm itted back to a sensor and correlated to 
the detect’s internal calibration table and the tem perature of the probe tip is displayed. 
A disadvantage o f this equipm ent is that it is expensive and fragile and in its current 
com m ercial form  is lim ited to tem peratures below approximately 500 K.
1.9.5 Thermocouples
Therm ocouples are sensors which consists o f two dissim ilar metals, jo ined together at 
one end, which produce a small unique voltage at a given temperature. This voltage is 
m easured and interpreted by a thermocouple thermometer.
Therm ocouples have been assigned alphabetic types, and have a color code. Two of 
the m ore popular types are J and K. A type J thermocouple uses a junction of iron and
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constantin (constantin is an alloy of nickel and copper) and can be used over a range 
of 273 to I02n K. A type K therm ocouple uses a junction of nickel-chrom e and nickel 
alum inium . This therm ocouple has a useful range of 73 to 1523 K.
It was intim ated earlier in this Chapter that the use of therm ocouples in microwave 
radiation system s are not recom m ended due to the perturbations to the electric field 
that such devices produce. However, due to their high reliability and low cost, therm o­
couples have been incorporated in many microwave systems: for in situ m easurem ents, 
the device can be grounded through contact with the oven or applicator wall, w hilst 
therm ocouples may also be used ex situ, inserting them into the sample shortly after 
irradiation. In the first case, ‘thermocouple effects’(43) may still be seen such as dis­
tortion o f the EM  field, conduction of heat away from the sample, induction of thermal 
instabilities and microwave breakdown. In the second case, even a small delay in the 
m easurem ent can be significant if the sample cools rapidly.
1.10 Aim of the thesis
The increasing use of microwave heating in solid-state and materials synthesis and 
processing has not been matched with progress in the study of how such processes 
proceed. Very frequently, the microwave oven is treated as a ‘black box’, with little 
know ledge o f the way in which the radiation couples to the reactants or products, or 
even the tem perature. This project aims to develop a particularly incisive tool: that 
o f diffraction applied to microwave-driven processes in situ. The systems to which it 
is applied are som e of those in which microwave irradiation has been shown to offer 
significant advantages: zeolite synthesis and processing, and the heating of solids with 
significant electrical conductivity; it is also applied to heterogeneous catalysts in the 
form of metal particles supported by a high-area ceramic, to investigate the possibility 
that there may be significant thermal gradients between the two.
The structure o f the thesis is as follows: in Chapters 2 and 3 we establish the principles 
of diffraction, and of the design and construction of equipm ent to enable diffraction 
data to be taken with different types of diffractometer during microwave irradiation. In 
Chapter 4 we establish some of the conditions under which a particular zeolite may be 
synthesised with the aid of microwave radiation with a view to future in situ  diffraction 
m easurem ents and describe work to look at post-synthesis modification of zeolites, ac­
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celerating the exchange o f bound species with microwave heating. In Chapter 5 we 
present an account o f the effect o f microwave heating on phase transitions in ferro­
electric m aterials, partly as a means of trialling the apparatus, and partly to determ ine 
w hether such transition may be influenced by the microwave field. In Chapter 6 we 
dem onstrate how high-resolution neutron pow der diffraction may be used as a phase- 
specific therm om eter, and then to use that method to determine separately the tem per­
ature o f the active phase and its support in heterogeneous catalysis systems. Finally, 
in Chapter 7, we present work on the fast-ion conductor Agl, in which previous stud­
ies indicate that the transition between phases of quite different conductivity may be 
brought down in a microwave field. Chapter 8 presents conclusions and suggestions 
for future work.
Chapter 2
Diffraction studies of solid materials
2.1 Principles of diffraction in solids
The m ajority o f solids are crystalline, and most commonly bulk samples are polycrys­
talline. The basis o f understanding their properties - and modifying them to produce 
new m aterials - is to have a system for describing their structure. This chapter outlines 
the principles o f diffraction in solids, as well as methods of determ ining structure, with 
an em phasis on techniques applied to polycrystalline samples. It also introduces m eth­
ods o f determ ining structure while a material is subjected to some external influence 
that may induce a change in structure. Such in situ methods, tailored for our particular 
problem  of m icrow ave-induced changes, will be explored further in later chapters. For 
a more detailed
The m ost powerful m ethod of studying the structure of a crystalline m aterial is through 
the diffraction of particles or waves whose wavelength is comparable to the separation 
between atoms in the material. We first establish the principles of this process, couched 
in term s appropriate for X-ray diffraction, which is the most common technique(44).
The electric field com ponent of electromagnetic radiation interacts with charged particles 
- the electrons in a solid - producing spherical wavelets originating from  each point 
scattering source. The outgoing, or diffracted beam is then the result o f interference - 
constructive or destructive - between these wavelets. One way of visualising this pro­
cess is to think o f the com ponents of the incident beam as a series of rays that impinge 
on the lattice with the same phase, and individually maintain this phase on scattering.
If adjacent scattered rays are in phase with each other constructive interference takes
34
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place and a diffracted beam is obtained in that direction.
However, if the rays are scattered with an arbitrary phase difference, som e degree of 
destructive interference will occur, and for rays scattered such that there is exactly half 
a wavelength phase difference between neighbours, a complete destructive interference 
or cancellation occurs. Thus, in the two latter cases, maxim um  light intensity will fall 
off gradually to zero as the phase difference changes from com plete constructive to 
destructive interference.
Two criteria m ust be satisfied in order that constructive interference occurs and there­
fore diffraction will be observed.
The first criterion is given by Bragg’s law, which is illustrated in figure 2.1:
Incidentwave
1
Figure 2.1: Schematic illustration of Bragg’s law.
B ragg’s law is based on regarding crystals as built up of layers or planes from which the 
X-ray beam is reflected as in a sem itransparent m irror (see figure 2.1). Some incident 
X-rays are reflected off a plane with the angle of reflection equal to the angle of incid­
ence, and som e others are transm itted and subsequently reflected by succeeding planes.
W hen two X-ray beam s (1 and 2 in figure 2.1) are reflected from adjacent planes within 
the crystal (A and B), for them to be in phase, the distance xyz for the beams 1 ’ and 2 ’ 
m ust equal a whole num ber of wavelengths. This means that beam 2 2 has to travel 
the extra distance xyz. as com pared with beam 1 1’. The relation between this distance 
xyz, the d-spacing  and the Bragg angle (0) is:
Scatteredwave
1 '
° /  .
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xy = y z  =  dsinB (2 . 1)
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and,
xyz =  nA (2 .2 )
therefore,
nA =  2 dsinQ (2.3)
where A is the wavelength of the X-ray, d  is the spacing between planes of atoms in 
the solid, and 9 is the angle of incidence. For a given set o f planes, several solutions 
o f B ragg’s law are usually possible (n = 1, 2, 3, etc.) but normally n is established 
equal to 1 and the d-spacing, in the other cases, is halved by doubling up the num ber 
o f planes in the set.
The second criterion is that the arrangem ent o f atoms within the unit cel! o f the solid 
under exam ination allows constructive interference to occur for a particular set of 
planes with interplanar spacing d. This is quantified in terms of the structure factor, 
F (hkl), which is defined as the sum of the spherical waves that arise from the electrons 
o f N  atom s in a unit cell when excited by a plane-incom ing wave. Then,
where hkl are the M iller indices of the reflecting plane, x j, y j, z j are the positions ex­
pressed as fractions o f the appropriate cell dimensions, and f j  is the scattering factor 
o f the j th  atom in the unit cell. The exponential function gives the phase difference of 
the scattered waves with respect to a wave scattered at the origin of the unit cell. The 
structure factor represents the fact that the reflections hkl differ in am plitude and phase.
The allowed planes for constructive interference are those that satisfy the Bragg cri­
terion, and for which F (hkl) is not zero. So, for example, in a face-centred cubic crystal 
structure (FCC) F (hkl) is not zero if  the M iller indices h, k, and / o f scattering planes 
are either all even or all odd, so allowed reflections are 111, 200, 220 and so forth. In 
contrast, for a body-centred cubic (BCC) structure the structure factor is finite when h 
+ k + I = an even integer so the allowed reflections have M iller indices 110, 200, 211, 
and so on. Thus, the system atic absence of diffraction from certain planes provides a
N
F (hkl) =  ^  f j  exP [27C/ (hxj +  kyj +  Izj]
j= i
(2.4)
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signature for identifying the atomic arrangem ent in the unit cell.
The scattering factor or atomic scattering factor ( f j  in equation2.4) is defined as the 
ratio of the am plitude scattered by an atom at rest to that scattered by a single elec­
tron (46). This factor is a function of the Bragg angle 9 and decreases with (sinQ)/X.
Finally, it should be noted that the discussion so far has considered the array of atoms 
to be ideal - a perfectly occupied lattice o f atoms at rest. In real materials, there may be 
im perfections in the lattice and there will also be some degree of motion of the atoms 
at any finite tem perature. In principle, this could be incorporated into the way in which 
the sum in equation 2.4 is calculated, using an appropriate probability distribution 
function to describe small static displacem ents and the thermal motion of atoms. It 
is m ore com m on to factor these effects out and introduce an anisotropic displacement 
parameter  (ADP) into the form factor as a pre-exponential term (47). The ADP, Tj(Q) 
for the j'th atom is given by:
where Q is the scattering vector, with m agnitude 2sin(Q)/X  and u is the displacem ent 
of the j th  atom from its mean position. It is common to treat the thermal motion of 
the atom s using a Gaussian distribution, which is appropriate for a harmonic oscilla­
tion. W hen this is the only contribution to displacem ent from the mean position, this 
factor is som etim es called the temperature factor, and is also com m only referred to as 
the Debye-W aller factor. For isotropic, Gaussian displacement, it can be shown that 
equation 2.5 can be rewritten as:
Tj( Q) / Pj(u)exp(2TiQ ■ u)r/3u (2.5)
Tj(Q)  =  Tj(Q) =  exp[-S%2(u2j )(sin2Q)/'k2} (2 .6)
where (n7) denotes the mean square displacem ent of the /th atom from the ideal lattice 
position.
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2.2 Diffraction from crystalline materials - practical is­
sues
Different types of inform ation may be obtained from diffraction experim ents using 
either X-rays or neutrons*'45'1:
- A b initio structure solution from single-crystal samples; for relatively simple 
crystalline m aterials, ab initio methods may also be applied to powders.
- Phase identification, prim arily applied to powder samples and using the diffrac­
tion pattern in conjunction with standard data-bases to provide a ‘finger-print’ 
for such phases. Coexisting phases in the same sample can be identified, and 
relative quantities estimated, provided that each phase is crystalline and present 
at the level o f 2-5 percent or more, depending on the instrument used and degree 
o f crystallinity.
- Structure refinement of data taken from powders using profile refinement tech­
niques, described in greater detail below. This requires a good starting model for 
the structure and is usually applied to materials that have m inor modifications 
relative to an existing material.
- Chem ical or physical transform ations in crystalline phases may be followed by 
in situ diffraction.
- Inform ation about state of division or texture may be derived from peak widths 
and intensities of pow der patterns. From the intensities of the peaks associated 
with different crystallographic planes of the same phase the preferred orientation 
o f the phase can be qualitatively estimated. From the full width at half m axim um  
of a peak, the grain size (for a polycrystalline sample) or the particle size (for 
a pow der sample) can be estim ated from the Scherrer equation for particle size 
less than about 1000 A (48’49).
Seen in the sim plest fashion, a diffraction experiment consists o f three com ponents 
listed below (see figure 2 .2 ):
a) The source of X-rays or neutrons, which can be m onochrom atic or o f variable 
w avelength (X).
b) The sam ple, which can be a single crystal or powder.
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c) The detector, which is a radiation counter, photographic film, im age plate or 
solid-state camera.
Figure 2.2: Simplified scheme of an X-ray diffraction experiment.
In this thesis we will only be considering diffraction using a m onochrom atic source 
incident on a polycrystalline or powder sample. The resulting diffraction pattern (dif­
fracted beam intensity versus the scattering angle 20) was used for phase identification, 
structural refinem ent using the Rietveld technique (below), or the determ ination of cell 
param eters which in turn provide an estimate of sample temperature (see chapter 6).
2.2.1 X-ray diffraction
X-rays are electrom agnetic radiation of wavelength approximately IA ( 10~ 10 m) lying 
between y-rays and ultraviolet light in the electromagnetic spectrum. This kind of radi­
ation is produced when high-energy charged particles collide with matter, for example 
electrons accelerated through potential differences of the order of kV. The electrons 
are slowed down by the collision and some of their lost energy is converted into elec­
trom agnetic radiation. The X-rays are usually produced in an evacuated tube. The 
cathode (held at a negative potential in the range -5 to -60 kV) is a tungsten filament, 
heated to em it electrons, and the anode is grounded at ground potential. The electrons, 
under this potential difference, are accelerated and hit the anode. M ost of the energy 
heats the anode and it m ust therefore be cooled, generally by water; an alternative solu­
tion to avoid m elting the anode is to rotate the anode.
W indows made of beryllium , or another element o f low atomic number, perm it the 
passage of the X-rays. For the absorption and shielding of the stray radiation lead is
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generally used. A filter is com m only used to remove undesirable radiation and produce 
a m onochrom atic beam: for a Cu target, the key components to be rem oved are the Cu 
K(3 em ission line and white radiation. The atomic number of the elem ent in the filter 
will be generally one or two less than that o f the target material. A foil sheet or a single 
crystal can be used as a filter.
X-ray detection was traditionally effected with photographic plates, but is now alm ost 
exclusively perform ed electronically with gas-ionising detectors, scintillators, image 
plates based on photostim ulable charge-storage phosphors, and various form s of sem i­
conductor devices such CCDs (charge coupled devices). One way of categorising de­
tectors, is to divide them into those that are scanned in space to record X-ray photons 
as a function o f position, and area detectors that are static, or moved between a small 
num ber o f positions.
2.2.2 Neutron diffraction
N eutron diffraction, as an alternative method to X-ray diffraction, can also be used to 
determ ine the structure of solids. The difference between this two techniques is based 
on the fact that neutrons, having no charge and with a mass slightly higher that that 
o f a proton do not interact directly with electrons (as X-rays does). Neutron hence 
are confined to direct nuclear effects (elastic and inelastic) and nuclear reactions (the 
absorption of a neutron by the nucleus and the emission of electrom agnetic radiation 
or an energetic particle). As the nucleus of an atom is 10,000 times sm aller than the 
electron cloud surrounding it, the possibility of neutrons interacting with a nucleus is 
very small. This allows neutrons to travel a long distance through matter before inter­
acting.
For this reason, neutrons give information about atomic positions more directly. By 
contrast, in X-ray diffraction the location of the atoms is given indirectly at the centres 
o f the electron cloud. A nother characteristic is that with neutrons lighter atoms may 
be detected (which can be difficult using X-rays) because the scattering cross-section 
is not proportional to the atomic number.
Neutrons may be produced in a nuclear reactor, or as a consequence of bom bardm ent 
of a heavy-elem ent target with high-velocity ions, with de Broglie wavelengths of the
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order oi lA . In the work described in this thesis, we used neutrons produced exclus­
ively by the second method, known as spallation, and we now outline the method of 
production and application of such neutrons as carried out at the ISIS Facility o f the 
Rutherford-A ppleton Laboratory, UK.
N egative hydrogen ions (H _ ) formed by electrical discharge through a m ixture of hy­
drogen gas and hot caesium  vapour are accelerated to 775 keV and injected in to the 
linear accelerator (1 - see figure 2.3). In the drift tube linear accelerator, the hydrogen 
ions are accelerated to an energy of 70 M eV for injection into the synchrotron (2). On 
entering the synchrotron, the negatively charged hydrogen ions pass through a very 
thin 0.3 p m  alum inium  oxide foil that removes electrons from the ions, leaving only 
bare proton nucleus (3). Once the proton beam has been accelerated to 800 MeV in 
the synchrotron, it is deflected by 3 fast kicker magnets for transport to the neutron and 
muon targets. The injection and extraction process is repeated 50 times a second, and 
the current in the kicker magnets rises from 0 to 5000 Amps in a 100 nanoseconds (4). 
The extracted proton beam line passes over the synchrotron on its way to the neutron 
and muon targets (5). The proton beam makes approximately 10,000 revolutions of 
the synchrotron before being extracted. It is steered and focused by dipole and quad- 
rupole m agnets, and accelerated by alternating voltages applied across six double-gap 
cavities in the ring (6). A chain of magnets keeps the proton beam tightly focused as 
it passes through the interm ediate graphite muon production target before hitting the 
neutron target inside the target station (7). Neutrons are created in the centre of the tar­
get station when the beam of high energy protons collides with the nuclei o f tantalum  
ions w ithin the target. The energised nucleus of each tantalum ion releases energy by 
evaporating nuclear particles, mainly neutrons, in all directions. Each proton produces 
approxim ately 15 neutrons (8).
The neutrons are used by a set o f instruments distributed radially about the target, at 
the end o f guide tubes. The energy energy of the neutrons produced at the target has 
a broad spectrum  which may be modified to some degree so that it better matches the 
needs of the various spectrom eters or diffractometers. This is effected prim arily by 
means of a m oderator which contains a material with which the neutrons therm alise to 
some extent through collisions. The neutrons then continue to each instrum ent, where 
they are scattered by the sample and then detected. This generally involves the inter­
action between the neutron and an element that can capture it, and undergo a nuclear
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Figure 2.3: Scheme of a synchrotron configuration.
reaction to produce ionising radiation and charged particles: common elem ents for this 
role are 10B and ’He, and the radiation or charged particles may then be detected by 
a variety of techniques such as gas-ionisation as used in proportional counters, and 
scintillators coupled with a photom ultiplier tube.
In this thesis we worked exclusively with the instrum ent HRPD, the High Resolution 
Pow der D iffractom eter at ISIS, which offers the highest resolution in d-spacing  o f any 
neutron pow der diffractom eter in the world. This is a consequence largely of the very 
long neutron fiight-path, between the moderator and the sample, such that the uncer­
tainty in m easuring the neutron tim e-of-flight (TOF), which determ ines the uncertainty 
in the neutron wavelength, is very small com pared to the TOF. TOF instrum ents offer a 
particular advantage with many types of in situ experiments because the variable incid­
ent wavelength m eans that reflections with a wide range of d-spacings may be collected 
at a detector of fixed geometry, and this in turn makes it easier to accom m odate som e of 
the constraints im posed by the sample environment. In the case o f the HRPD, there are 
three detector banks, affording three broad bands of d-spacing, and further details o f 
these are given in table 2.1 and are depicted with the rest of the instrum ent in figure 2.4.
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Table 2.1 : Detector bank details for the HRPD at the ISIS Facility.
Backscattering 'O o o Low angle
D etector specification ZnS scintillator ZnS scintillator 1/2” lOatm He3
gas tubes
Fixed scattering angle 160° <  20 <  176° 87° <  20 <  93° 28° <  20 <  32°
Resolution(Ad/d) ~  4 — 5x10 -4 ~ 2x 1 O' 3 ~  2 x 10“ 2
¿/-spacing range ~  0.6 — 4.6 Â ~  0.9 — 6.6 Â ~  2.2 — 16.5 Â
(30-230 ms)
9 0 °  d e te c to r s  
(N  s id e )
9 0 °  d e te c to r s  
(S  s id e )
100 K C H  m ode r o to r
Loo/ o /ig le  
d e te c to r s  (3 0 ° )
J  100 m  N i  gu ide
D is k  c h o p p e rs  a t  n  .i  ^  o L  B o c k s c a t te r in q6 m  &  9 m  ,
d e te c to r s  (1 6 8 °)
m  sam p le  p o s it io n  
m  s o n ç  le p o s it  b n
Figure 2.4: Configuration of the HRPD at ISIS Neutron Diffraction Facility(50) 
showing the configuration of the diffractometer and detectors.
2.2.3 Powder diffraction techniques
In finely pow dered crystalline samples, the various lattice planes are random ly ar­
ranged in every possible orientation. For each set o f planes, therefore, at least some 
crystals m ust be oriented relative to the incident beam at the Bragg angle (0) and thus 
give rise to diffraction. Those diffracted beams can be detected with a static detector 
(photographic film, image plate or solid-state detector such as a CCD camera), or with 
a m obile detector.
In practise two general types of powder method may be used - m easurem ent in trans­
mission  and m easurem ent in reflection mode. In the former, a well-ground powder is 
loaded into a glass capillary tube that is centred in the incident beam. To reduce the 
effects o f so-called ‘texture’ (a statistically preferred orientation) the sample is spun. 
For any set o f lattice planes, the diffracted radiation forms the surface of a cone and
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the only requirem ent is that the planes will be an at angle 0 to the incident beam. The 
angle between diflracted and undiffracted beams will be 20 and the angle of the cone 
40. These cones of radiation are recorded for each set of planes on one o f the various 
types of detector; where the detector is in the form of a strip of photographic film, the 
technique is known as the Debye-Scherrer method.
The m ost com m on type of reflection mode m easurem ent uses what is called Bragg- 
Bretano geometry, in which the optics o f the instrum ent are set up to bring the reflected 
beam into sharp focus at the detector. Reflections are generally m easured one at a time 
by scanning the flat sam ple through the angle 0 while the detector is rotated by the 
angle 20 around the axis common to both circles. The distance from the X-ray source 
to the sam ple is equal to the distance from the sample to the entrance slit o f the de­
tector, and the focusing circle will be defined by three points: the source, the centre of 
the sample, and the entrance slit of the detector. The flat sample is positioned tangen- 
tially to the focusing circle and the focusing condition will be fulfilled for the points 
there. The divergence normal to the diffraction plane is improved by a set of paral­
lel foils o f strongly absorbing material at an equal distance from one to another. The 
fluorescence radiation produced in the sample by the primary beam can be removed by 
a m onochrom ator inserted in the front of the detector.
2.2.4 Refinement of powder diffraction data
For a long tim e it was believed that only a small amount of information could be ob­
tained from a pow der pattern. There were two challenges or problem s associated with 
analysing such data. First, the random orientation of crystallites in the beam means 
that inform ation is lost with regard to the specific hkl reflection in a set o f hkl re­
flections with the same d-spacing. Second, powder reflections may overlap with the 
consequence that is difficult to assign intensities to specific reflections. By the m id­
sixties, it becam e apparent for some diffractionists that the invention o f more powerful 
com puters could help to obtain more information through analysis o f the diffraction 
profile. It was recognised that in a step-scanned pattern, for example, there is some 
inform ation associated with each intensity at each step in the pattern, even if there is 
no Bragg reflection intensity at such a point, or it it is partial and initially scram bled 
(as the sum o f contributions from several Bragg reflections). Rietveld first solved this 
problem  by means of com putational analytical procedures, a technique now known as
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the R ietveld method^5 This method was first applied to data obtained on neutron 
diffractom eters with cylindrical samples, due to the fact that the line-shape o f the re­
flections is simple, but nowadays it is also widely used for powder X-ray diffraction in 
both transm ission and reflection mode.
In this technique, the least-squares refinement is carried out with increasing numbers 
o f variables until the best fit is obtained between the entire observed pow der diffraction 
pattern and the entire calculated pattern based on a model for the crystal structure(s), 
the optical properties o f the diffractom eter and perhaps also the m icrostructure of the 
polycrystalline sam ple such as strain and particle size. It should be stressed that the 
Rietveld m ethod is not a structure solution technique but rather a crystal structure re­
finem ent process. Because the refinement process is a non-linear least-squares process, 
the refinem ent m ust be started from a ‘reasonably good’ model of the crystal structure 
and the experim ent. O f great im portance in this method is the knowledge of structure 
because it allows the allocation o f intensities to overlapping individual reflections.
2.2.5 Applying the Rietveld method
The first stage in a Rietveld refinement is to produce the diffraction pattern in a d i­
gitised form, generally as a set o f values of detected intensity y/, at each step i in 
scattering angle, 20, or som e function of energy such as velocity (TOF - tim e-of-flight 
for neutron data) or wavelength (for X-ray data collected with an energy-dispersive 
detector and an incident beam of white X-radiation). In any case, the num ber of steps 
in the pow der diffraction pattern will be usually of the order of thousands. The quant­
ity m inim ised in the least-squares refinement will be the residual, Sy defined as follows:




y,- = observed (gross) intensity at the ith step, 
yd  = calculated intensity at the ith step.
A pow der diffraction pattern of a crystalline material can be seen as a collection of in­
dividual reflection profiles, each of which has a peak height, a peak position, a breadth,
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and an integrated area which is proportional to the Bragg intensity, 1^, where K  stands 
for the M iller indices, hkl. Additionally, I% is proportional to the square of the absolute 
value o f the structure factor | F (hkl) |2.
The calculated intensities, y ci, are determined from the | F (hkl) |2 values calculated 
from the structural model by sum m ing the calculated contributions from neighbouring 
Bragg reflections (for example, within a specific range) plus the background.
where:
s is the scale factor,
L k  contains the Lorentz, polarisation, and multiplicity factors, 
cp is the reflection profile function,
Pa; is the preferred orientation function,
A is an absorption factor, which differs with instrum ent geometry,
Fa; is the structure factor for the Bragg reflection K,
ybi is the background intensity at the ith step.
The least squares m inim isation procedure then will lead to a set o f normal equations 
that involve derivatives of all o f the calculated intensities, y w i t h  respect to each ad­
justable param eter and the solution is obtained using the inversion of the normal matrix 
with elem ents given by,






where the param eters x j ,  xk are the same set of adjustable parameters.
The solution then for an m by m  matrix (where in is the number of param eters to be 
refined) where the residual function is not linear and the solution must be found with 
an iterative procedure in which the shifts,Axk, are defined as.
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The calculated shifts are applied to the initial parameters to produce an improved model 
and the whole procedure is then repeated. Because the relationships between the ad­
justable param eters and the intensities are non-linear, the starting model must be close 
to the correct model or the non-linear least squares procedure will lead to a false m in­
imum or even diverge. This can be avoided by using different least-squares algorithm s 
at different stages of refinement or, using constraints.
The model param eters that may be refined then include not only atom positional, 
therm al, and site-occupancy param eters but also parameters for the background, lat­
tice, instrum ental geom etrical-optical features, specimen aberrations specimen dis­
placem ent and transparency), an am orphous component, and specimen reflections- 
profile-broadening agents such as crystallite size and micro strain. The usual para­
meters to be refined (sim ultaneously) in this method are listed below in table 2 .2 .
Table 2.2: Parameters that can be refined for structure refinement of powders. 
Note that the isotropic thermal parameter is equivalent to the form of ADP 
defined in equation 2.6 when there is no static disorder.
For each phase present Global param eters
- Position coordinates X j ,  y j ,  Z j - 20-Zero
- The isotropic thermal parameter, By - Instrumental profile
- The site-occupancy multiplier, N j - Profile asymmetry
- The scale factor, s - Background
- Specim en-profile breadth parameters - Wavelength
- Lattice param eter - Specimen displacem ent
- Overall tem perature factor (thermal Parameter) - Specimen transparency
- Individual anisotropic thermal parameters - Absorption
- Preferred orientation
- Crystallite size and microstrain (through profile
param eters)
Criteria f o r  ‘goodness o f  f i t ’. The particular ‘best fit’ obtained will depend on the ad­
equacy o f the model and on whether a global minimum, rather than a local ( ialse )
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m inim um  is reached. Due to this, various criteria for the ‘goodness o f tit’ are needed 
and som e kind of indicators in each cycle of the procedure will help in order to judge 
if the refinem ent is proceeding satisfactorily and becom ing sufficiently near to com ­
pletion to be stopped. Some of these criteria (numerical or numerical and graphic) 
are:
• The R-values such as the ‘R-Bragg’ and the ‘R-structure factor’ that are based 
not only on the observed Bragg intensities but also on those deduced with the 
help o f the model. Am ong them is the ‘R-weighted pattern’, R wp, (equation 
2 . 1 1 ) which from a mathematical point o f view is the most m eaningful because 
the num erator is the residual being m inim ised and can reflect the progress o f the 
refinement.
• The ‘goodness of fit’, S, (equation 2.12) is another numerical criterion. A model 
m ay be considered to be quite satisfactory if the value of S  is 1.3 or less. A 
large S  may simply mean that the continuing statistical errors far outweigh the 
m odel errors either because of poor continuing statistics or because of a high 
background which, being slowly varying in angle, is easily modelled.
• The Durbin-W atson statistic, ‘d ’ (equation 2.14). The ideal value for ‘d ’ is 
2.00. Since the statistical errors in the intensity measurements at successive 
steps across a reflection profile do not depend on each other, there is no serial 
correlation in a statistical sense. If, on the contrary, the calculated and obseived 
profile functions just do not match well, whether for reasons ol shape oi aiea, 
there will be strong serial correlation of the residuals and the d value will be 
far from its ideal value.
(2 . 11)
(2 .12)
‘R-expected’ =  —----- ~-LE wiyiil
" ( A  — P ) 1 1 / 2 (2.13)
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‘d ' =  I ( i y , - 4 , H ) V 4 ( n ; i ) !
i= 2 / /=1
(2.14)
A >’/ =  y 0i - y Ci (2.15)
• O ther criteria, both numerical and graphical, are also useful. One particularly 
useful device is a weighted difference plot, a graph of the fractional difference 
between observed and calculated intensity at each point divided by the standard 
deviation, abnorm ally  based only on counting statistics):
This way o f presenting the data accentuates angular trends and em phasises m is­
fits in low and high intensities.
In general, numerical criteria are needed to assess the fit quantitatively in detail, while 
graphical criteria readily reveal gross errors and omissions, and often also provide a 
reality check for a refinement that may look respectable in terms o f numerical good­
ness of fit, but still omits key features o f the diffraction pattern that cannot readily be 
attributed to im purities. A t the end of the refinement process it is o f course im portant 
also to check that the final structure makes sense both structurally and chem ically - for 
exam ple, to check that bond lengths are physically meaningful.
For this work, the General Structure Analysis System (G SA S)i52"53) suit o f program s - 
one o f a num ber o f com puter programs available - was used to refine pow der diffrac­
tion data. One of the advantages of this programs is that data obtained from X-ray as 
well as from  neutron diffractom eters can be used. In the case of neutrons, refinement 
o f m agnetic structure can be also attained. GSAS is based on several different peak 
profile functions (which are incorporated in the program) designed for used with data 
from specific instrum ent types. The functions used for the several refinements in this 
thesis are described in Appendix A.
In GSAS the overall ‘goodness of fit’, or reduce %2, is defined by a m inim isation 
function as:
(2.16)
2 _  T j n w n(^obs ^calcn )~
Nobs — NVar T Ncons (2.17)
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where,
w are the weights derived from an error propagation scheme,
is the num ber of data points,
are the observed and calculated intensities and,
Nobs-, N Var, are the num ber of observables, variables and constrains applied in
Typical values expected for this param eter are of that o f %2 <  5 which, com plem ented 
by the ‘R -values’ and the graphical visualisation of the fitting will help to determ ine 
the best possible result.
The study of the chem ical processes that occur during the synthesis o f inorganic solids 
has been attracting increasing attention in the last 20 years with the appearance of more 
modern equipm ent (such as CCD cameras and energy-dispersive diffractom eters and 
synchrotron radiation in crystallography), and the introduction or wider application of 
new techniques (such as solid-state nuclear magnetic resonance). The understanding 
of the m echanism s of form ation or crystallisation of inorganic solids may allow scient­
ists to design more effective materials for particular applications, with specific prop­
erties such as catalytic activity, microporosity, superconductivity, and other electronic 
or m agnetic behaviour. M echanistic data could include for example, a quantitative un­
derstanding at an atomic level o f the chemical process leading to the formation of the 
solid. However, it is often difficult to obtain such information, because conditions re­
quired for the reactions frequently involve elevated temperatures or pressures in sealed, 
thick-w alled reaction vessels, m aking it difficult to follow the process in real time.
X-ray diffraction is an appropriate technique for following the formation of a crystal­
line solid and, in som e cases, obtaining qualitative information about the course of the 
reaction and the identification of the different species at each step. In addition, time 
resolved diffraction techniques can give quantitative kinetic information through the 
relation between the Bragg reflection and the am ount of solid, and this inform ation 
m ight be the first step to postulate reaction mechanisms.
the refinement.
2.3 In situ diffraction studies
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M any studies have been done in zeolites and m icroporous m aterials using in situ X- 
ray diffraction techniques because the species involved are often crystalline and this 
has led to a better knowledge of the crystallisation processes in real time. Given the 
success o f such studies, and the generic nature of such work in the context o f the 
broader field of solid-state chemistry, we shall briefly review the field. Am ong X-ray 
diffraction studies, two methods were used - angular-dispersive synchrotron pow der 
diffraction(54’55’56’57), and energy dispersive diffraction (EDXRD), also generally per­
form ed at a synchrotron source^58,59,60’61’62’63).
A m ong studies with angular-dispersive measurements, an exam ple is provided by the 
work of N orby’s group which has been focused on zeolite Na-LTA and metal alum ino- 
phosphates (M eAlPO, where M e = Co, Mg, Mn and Zn). These studies were carried 
out in a specially designed capillary ce ll(57) to follow the crystallisation process un­
der hydrotherm al conditions. The results relating to M eAlPO materials confirmed the 
strong relation between the kinds of amine tem plate used and the com position and 
structure o f the crystalline product and in at least one case - that o f M nAlPO-5 - led to 
the proposal o f a kinetic model for the crystallisation.
EDXRD techniques in combination with synchrotron radiation have allowed an in­
crease in scope of the types of reactive system that can be studied because they perm it 
larger, thicker reaction vessels to be used, or enable relatively fast data collection over a 
range o f ¿/-spacings. Such methods have been used, for example, to follow the crystal­
lisation process for zeolites(60,6I) in combination with ex situ techniques like scanning 
electron m icroscopy (SEM ) to identify the different phases involved in the crystal­
lisation, their sequence of formation or dissolution and their stability(6- ), as well as 
revealing the kinetics o f some of these processes. In a typical experiment, the sample 
was loaded into a capillary (0.5-1 mm), mounted on a goniom eter head and pressure 
(N2 or He) was applied through a T-piece. Pressures up to 45atm and tem peratures up 
to 533 K were obtained in this way. The sample was generally heated using a stream 
o f hot air and a therm ocouple placed 1 mm from the capillary gave the tem perature. A 
small resistance heater placed under the capillary is another means to heat the solution. 
To avoid problem s with thermal gradients, the X-ray beam was kept sm aller than the 
hot zone (norm ally about 7 mm wide). To obtain the relation between the tem peiature 
in the interior o f the capillary and the thermocouple, in one of the experim ents a cal­
ibration curve was derived based on the thermal expansion foi silver, m easuied in the
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capillary. Quartz glass was used because it is relatively chem ically inert even when it 
was known that strongly alkaline solutions or gels at high tem perature and long expos­
ition tim e weaken it or even can react with it.
Em ploying a synchrotron radiation source, which allows the penetration of significant 
quantities of dense m aterials by X-rays, a commercial hydrotherm al autoclave may be 
used(54\  The steel wall in this autoclave (25 ml of capacity) was thinned to 0.3 mm to 
m inim ise absorption of the X-rays. The heat source employed is an alum inium  heating 
block and, a m agnetic stirrer is placed in the base of the cell. A tem perature up to 523 
K and autogenous pressure is normally reached with this apparatus. Rapid data collec­
tion with this m ethod (less than 1 min) can be obtained and used for kinetic studies.
In the next chapter we will consider the particular requirem ents of in situ diffraction 
experim ents during microwave irradiation and present a num ber of technical solutions.
Chapter 3 
Equipment for in situ diffraction 
studies during microwave heating
3.1 Introduction
In C hapter l the possibility was established of ‘non-therm al’ or ‘microwave-specific’ 
effects as a way o f explaining the enhancem ent of processes in solid state during m i­
crowave heating. In Chapter 2 it was also shown that an accurate determ ination of 
structural changes in solids when exposed to external influences could help to elucid­
ate the m echanism s o f interaction with such influences. In order to study and gain 
understanding on certain of the microwave specific processes, several microwave ap­
plicators were constructed or modified. This chapter describes the characteristics of 
each applicator and the way they were adapted to the different diffractom eters used in 
this work.
In C hapter 2 we introduced the principal technique - in situ diffraction - that has been 
used to follow physical or chemical changes in the components or reactants involved 
in, for exam ple, the synthesis of a material or the charge/discharge cycles in batter- 
¡es (55,59,60,61,62) _ M 0St 0f  this work has been based at central facilities for synchrotron 
X-rays, which are very bright and may be used to study either very small samples or 
relatively rapid processes, or for neutrons, which have much lower fluxes, but are also 
highly penetrating, so they can access samples in dense containers such as many types 
of reaction vessel. However, approval of time to use such facilities is slow and their 
production is very costly. Fortunately, laboratory X-ray diffractom eters with higher in­
tensities are now becom ing available allowing, in some cases, relatively rapid acquis­
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ition o f data o f sufficient quality for structure determination. For powder diffraction, 
for instance, the inform ation that can be obtained covers phase transform ations, com ­
ponents in solid-state reactions or tem perature variations through structural changes in 
the sample^64,63,65\
In the present chapter, a detailed description is made of the microwave applicators 
designed and built for the in situ diffraction studies of solids during microwave irra­
diation. A description of the modifications of these applicators and the final arrange­
m ents to adapt them for use with different diffractometers is also given.
3.2 Microwave heating equipment specifications
The design of a microwave applicator to be used in conjunction with X-ray or neutron 
diffraction m ust m eet certain minimum conditions^66,67,68,69).
1. A llow the passage of X-rays or neutrons from the source to the detector(s) to 
enable good quality data collection with minimal background scattering. It has 
been observed that for neutron diffraction, where the beam is able to penetrate 
dense or thick materials, the incorporation of small holes (not bigger than the 
microwave wavelength) is permitted. For angular-dispersive laboratory X-ray 
diffraction, however, where data can be collected over a wide range of scattering 
angles, the incorporation of ‘w indow s’ into the cavity body is required. These 
windows have to be made of a material with good electrical conductivity and 
low attenuation of the X-ray beam.
2. Construction from a non-magnetic, conductive material allowing a controllable 
level o f microwave radiation to be applied to the sample with no leakage of 
radiation. In some cases, fine tuning can also be achieved through movable short 
circuit term ination or ceramic screws inserted into the cavity.
3. A reliable m easurem ent and control of sample temperature. This is generally 
achieved through the use of fibre optic temperature probes, which are microwave 
transparent and which provide the input for the control of power and hence tem ­
perature via a PC and suitable software.
4. A sam ple holder that is inert and transparent to microwaves. Among the char­
acteristics o f the m ost commonly used materials (listed below) for miciowave
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sam ple containers are low thermal and electrical conductivity.
• PTFE (polytetrafluoroethylene)(70) also known as Teflon™.
• M acor™  a m achinable glass ceramic com posed of approxim ately 55% 
fluorophlogopite mica and 45% borosilicate g lass(7I).
• Shapal M IM a machinable ceramic based on a mixture of aluminium nitride 
and boron nitride (~ 13%  content)(72).
In general term s a microwave set-up for in situ diffraction studies is com posed o f three 
parts: ( 1) a m icrowave generator, (2) a microwave applicator whose design depends 
on the diffractom eter geom etry and, (3) microwave power and tem perature controls. 
Figure 3.1 illustrates the arrangem ent as designed for neutron diffraction experim ents 
that were earned  out at the ISIS Facility at the Rutherford Appleton Laboratory in the 
UK.
----------------------  (3) ----------------------
(b )  (c )  (cl)
Figure 3.1: Schematic drawing of the arrangement for in situ X-ray/neutron 
diffraction studies during microwave radiation. The drawing shows the par­
ticular waveguide geometry for neutron experiments at the ISIS Facility. (1) 
Microwave generator, (2) microwave rectangular waveguide applicator and (3) 
power and temperature controls comprising (a) fibre optic temperature sensor 
box, (b) stepper motor, (c) microwave power supply and, (d) PC for power and 
temperature controls.
M icrowave radiation at 2.45 GHz was generated in a com m ercial m agnetron unit (AS- 
TEX  A X 2 1 10, 20 to 1000 W of power) and the tem perature m onitored during the 
process using a fibre-optic probe (Neoptix T 1 , Tmax. 523 K, resolution of 0.1 K) at all 
tim es in intim ate contact with the sample. Microwave power was controlled using the 
PC.
The m icrowave radiation was directed to the sample through a rectangular waveguide 
of non-m agnetic m aterial (W R 284 Waveguide 10, H. Rollet waveguide). This was 
either extended to enclose the sample, or it fed a resonant microwave cavity with a 
different geometry. The two applicators were designed and adapted for three different 
diffractom eters: X-ray diffraction in fiat plate geometry on a Philips PW 1730 dif­
fractom eter; tim e of flight (TOF) neutron diffraction on the High Resolution Neutron 
D iffractom eter (HRPD) at the ISIS Facility, and X-ray diffraction from a sam ple in a 
capillary on a Bruker D 8 diffractometer.
3.2.1 In situ rectangular waveguide applicator for X-ray or neutron 
diffraction.
The first applicator design to be used in the Philips PW 1730 X-ray diffractom eter was 
built from a rectangular brass waveguide with standard dim ensions to operate in the 
fundam ental TEio mode. A standard flange was welded to the top while a stepper 
m otor was fitted to the bottom. Two 2.5 x 10 cm windows were cut out o f both sides 
of the waveguide to allow the passage of incident and scattered X-rays to the detector. 
The windows were covered with thin aluminium foil (~ 1 0  micron) as a more suitable 
alternative to beryllium  which is prone to forming a highly toxic oxide. The attenu­
ation o f the X-ray beam from the use of aluminium foil was found to be acceptable. 
The configuration o f this applicator is shown in figure 3.2.
For this arrangem ent, the microwave generator had to be located on the roof o f the 
X-ray shielding hutch in which a hole was cut to allow the connection of the applic­
ator to the microwave generator (figure 3.3(a)). Additional waveguide pieces and one 
90° bend were jo ined together to increase the length of the the waveguide without dis­
ruption o f the microwave currents. Any remaining holes in the shielding hutch were 
sealed again using lead sheet or tape for safety purposes. The microwave applicator 
was kept in position by means of a metallic stand fixed to the diffractom eter box (see
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Figure 3.2: Schematic drawing of the rectangular waveguide applicator show­
ing the X-rays passage and angle of the scattered radiation (left hand side of 
the drawing) and the lateral view showing the aluminium foil windows (right 
hand side), (a) X-rays scattered, (b) mobile lid covering a 2-cm aperture used 
in neutron experiments, (c) channel for spindle access to the microwave ap­
plicator, (d) stepper motor for fine tuning.
figures 3.3 (a) - (c)). A detailed drawing with all the dimensions can be found in figure 
B.2 in A ppendix B.
The m axim um  scattered angle, 20, than can be attained with this set-up was 75°, the 
lim it being set at the point at which the detector does not collide with the applicator.
The sam ple holder for this diffractom eter is norm ally supported on a metallic spindle 
so that it can rotate about the same axis as the detector, and maintain a constant 0- 
20 relation with the incident beam. For the microwave experiments this was extended 
using M acor™  and inserted into the microwave applicator through a 2 cm channel (ap­
proxim ately X /4  in relation to the microwave wavelength) which permits the rotation 
of the spindle and the sample (left hand side of figure 3.2). The fibre optic tem perature 
sensor was passed through a hole made in the ceramic spindle, placed directly into 
the sam ple, and held in place with Teflon™ tape, to avoid interference with the X-ray 
beam. A small flat plate sample holder made either of M acor™  or PTFE was fitted in 
place by sliding it into the spindle (figure 3.3(c)).
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(c)
Figure 3.3: Final arrangement of the system for in situ microwave heating of solids, (a) 
Waveguide mounted inside the diffractometer box, (b) close-up of the waveguide, and 
(c) PTFE sample plate and fibre optic temperature probe.
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A stepper m otor was connected to the end of the waveguide, allowing the system to be 
tuned m ore finely through a sliding plate and hence improve the heating efficiency of 
the sam ples. Figure 3.4(A) shows a schematic view of the interior of the waveguide 
for this arrangem ent.
(A) (B)
Figure 3.4: Schem atic drawing of the inside of the rectangular waveguide and 
sample location for X-ray/neutron diffraction studies. (A) X-ray and (B) neutron 
diffraction set-up. (a) Aluminium foil window to allow the passage of X-rays,
(b) fibre optic temperature sensor, (c) ceramic holder, (d) sample holders, (e) 
sliding short-circuit, (f) stepper motor, (g) metal-ceramic spindle used for X-ray 
diffraction.
The same applicator was modified to be used in neutron diffraction studies carried out 
on the HRPD at the ISIS Facility at the Rutherford Appleton Laboratories. The m odi­
fications, shown in figure 3.4(B) were made as the HRPD has a different configuration 
and bulkier sam ples can be analysed. In the first place, the two lateral windows through 
which the X-ray beam penetrates the cavity were covered with solid alum inium  cov­
ers as they were not used for these experiments. The passage of neutrons through the 
waveguide was facilitated by 2 cm diam eter holes for the incident beam and scattered 
beam. N eutron-absorbing gadolinium  sheet was used to try to m inim ise scattering
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from other com ponents of the microwave heating system.
Initial experim ents using a sample holder made of Shapal M ™  failed due to the high 
proportion o f BN in this material (>  13% content): the element B is a very strong 
neutron absorber, and its presence in the ceramic was not apparent until the problem s 
with neutron transm ission were encountered. A thin-walled piece of silica tube was 
then used as a sam ple holder, supported on the ceramic bottom part of the holder made 
of Shapal M IM and fixed in position onto the waveguide walls by means o f ceramic 
screws. The fibre optic tem perature sensor was inserted through a tiny hole in one 
of the lateral windows and directly placed in intimate contact with the sample. As 
Shapal M ™  is microwave transparent the fine tuning of the microwave guide was also 
possible using the stepper m otor attached to the waveguide.
3.2.2 In situ single mode resonant applicator for X-ray diffraction 
in capillaries.
The second applicator, a single mode resonant cavity (or resonant heater), was built 
from a 50 mm long x 86 mm internal diameter brass pipe-shaped piece to operate in 
the TMoio mode. M icrowaves were fed by coupling a piece of brass rectangular wave­
guide through a 44 x 23 mm aperture located at the centre of the cavity body. The 
cavity was enclosed by welding one end while the other end can be fitted in place by 
m eans o f two small screws in the cavity walls. This was done in order to gain access 
to the inside o f the cavity for the mounting and alignm ent o f the glass capillary which 
acts as the sam ple holder.
Two small outer channels (3 mm internal diameter x 5mm length) were cut at the centre 
o f the plates through which the capillary containing the sample could be inserted into 
the cavity. For the passage of X-rays two 15 mm-wide windows were cut along the 
surface o f the cavity at 10 mm distance from the welded end side of the cavity. The 
first window, used for the entrance of the X-rays, had a length of 30 mm while the 
second window had to be cut with a 110 ° arc to cover a wide range of scattering angle 
20. Both windows were again covered with aluminium foil which in this case had to 
be ‘g lued’ to the cavity walls using silver conductive paint. Four ceramic screws (alu­
mina, M5 x 30 mm) were fitted to the end of the cavity (at an equal distance from the 
capillary centred entrance) as a means of fine-tuning the cavity. A schem atic drawing
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of this m icrowave applicator is shown in figures 3.5 (a) - (c). A detailed drawing show ­






Figure 3.5: Schematic drawings of the microwave resonant cavity, (a) Lateral 
view showing one of the two windows for the entrance and exit of the X-ray 
beam, (b) removable lid to allow the alignment and setting up of the capillary 
and fibre optic temperature probe. The ceramic screws used for fine tuning 
are also shown here together with the small metallic screws and nuts to fix 
the plate and (c) shows a dimetric view of the inside of the cavity showing the 
capillary position and the aperture through which the microwaves are fed to the 
cavity.
The sam ples were placed inside a 1 mm glass capillary (glass No. 50, 80 mm length, 
Hampton Research) followed by the fibre optic temperature sensor whose tip is kept 
in close contact with the sample while the fibre optic cable is fixed to the capillary 
using Teflon™  tape. Glass capillaries were chosen among others such as PEEK (poly- 
etheretherketone, 2 mm ID) and quartz capillaries (2 mm ID) as the m ost suitable 
option. PEEK  is microwave transparent and will withstand continued use at tem perat­
ures up to 373 K. Early attempts using PEEK tubing as a sample holder showed that 
although scattered from the tubing was also observed -in addition to that o f the sample- 
experim ents that required to be carried out at higher tem peratures were not possible. 
Quartz capillaries, on the other hand, can withstand higher tem peratures but have a 
higher linear absorption coefficient, p, than glass (75.8 com pared to 71.0 cn-T1 for Cu 
K rad iation(73)). p  indicates the amount of radiation that is absorbed by the capillary 
during X-ray data collection.
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Finally, the m icrowave resonant applicator was attached to the microwave generator 
by two 90° bends. For this arrangement, the microwave generator had to be placed 
inside the X-ray shielding box and a set o f adjustable stands (one for the microwave 
generator and one for the microwave applicator) were used to align the equipm ent with 
the goniom eter head (see figure 3.6).
Figure 3.6: Schem atic drawing of the arrangement for in situ X-ray diffrac­
tion studies during microwave radiation using capillary samples, (a) X-ray go­
niometer head (b) scattered X-ray radiation that can be detected in the position 
sensitive detector, (c) microwave resonant cavity and, (d) glass capillary.
Figures 3.7(a) - (d) show the final arrangem ent of the applicator m ounted inside the 
diffractom eter as well as the beam alignm ent (by means of using a fluorescent disc) 
once the microwave cavity is set in place.
The cavity can be tuned to resonance at a selected frequency by adjustm ent o f the re­
lative sizes o f the cavity and dielectric (capillary with sample) as well as by the use 
of the ceram ic screw s(7). The effect o f the cavity diam eter size was observed to be 
significant for this applicator, leading to negligible heating of certain samples. For ex­
ample, A gl couples strongly with 2.45 GHz radiation, but when it was placed in cavity 
with a diam eter o f 96 mm, the resonant mode to which it was subjected dropped to 
2.28 GHz, a frequency at which coupling was much less efficient. It was only when a 
second cavity, with an internal diam eter o f 86 mm was used that the resonant modes 
rose to 2.47 GHz, and heating could occur (see figure 3.8).
The m easurem ents of the frequency of resonant modes in the cavity were perform ed
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(a) (b)
(c ) (d )
Figure 3 .7 : Final arrangem ent of the system  for in situ m icrowave heating in capillar­
ies. (a) M icrow ave resonant cavity m ounted inside the diffractom eter hutch, (b) X -ray  
beam  alignm ent show n on a fluorescent disc, (c) close- up showing the position of the  
fibre optic probe in the capillary and, (d) final arrangem ent of the equipm ent, with the  
rem ovable plate in place.
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Figure 3 .8 : Proportion of reflected pow er in two m icrowave resonant heaters:
96  m m  (■) and 86  mm(o) d iam eter respectively.
using a H ewlett Packard 8752A Vector Network Analyser (VNA), which determ ines 
the reflected microwave power as the frequency is swept (from 300 KHz - 3 HGz).
In a typical m easurem ent, an AC current o f voltage, V+ , is output from one of the ports 
of the VNA and conveyed along a coaxial cable to the microwave cavity using a coaxial 
to waveguide transition. The voltage, V~,  and the relative phase of the signal returned 
from the cavity are then measured at the same port (1-port m easurement). In addition 
to the electrical length of the line, real coaxial cable is not perfect and will give rise to 
losses and reflections that m ust be removed from the measurement. To cancel out the 
effects of the electrical length and imperfection of the cable, a calibration procedure is 
used. The open-short-load (OSL) calibration method is one of the most widely used 
techniques. In this technique, two high reflection coefficient standards of widely sep­
arated reflection phase, an extremely low reflection matched term ination are used. The 
three standard physical devices were connected to the end of the co-axial line in turn: 
a short, an open and a m atched load. The VNA measures the responses o f each of the 
three devices and autom atically calibrates itself, moving the m easurem ent plane to the 
end of the co-axial line.
This technique enabled us not only to determine the frequency characteristics of vari­
ous cavities, but also follow how they changed as the a capillary em pty or loaded with 
sam ple was introduced, and when the ceramic screws are inserted (figure 3.9(A)) for 
the 86 mm cylindrical cavity. The same figure also shows the response obtained when 
the capillary was loaded with samples of different dielectric properties (figure 3.9(B)).
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Figure 3 .9 : R esponse of absorbance on frequency for an 86  mm internal 
d iam eter m icrowave resonant heater showing the influence of (A) the tuning  
screw s and capillary insertion and (B) several sam ples of different dielectric  
properties on the perform ance of the applicator, (a) Em pty cavity with all four 
screw s far into the cavity, (b) em pty cavity with all four screws fully retracted, (c) 
with a 1 m m  d iam eter glass capillary, (d) with a 2 mm quartz capillary, (e) with 
a 2 m m  P E E K  tubing , (f) with a glass capillary filled with Agl, (g) with a glass 
capillary filled with graphite pow der and, (h) with a glass capillary filled with 
w ater. In (c)-(g ), the ceram ic tuning screws w ere screw ed far into the cavity 
while (b) and (h) the screws w ere fully retracted.
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3.3 Summary
This Chapter has presented new designs for microwave applicators that will enable a 
w ider range of reactive systems, or physical properties to be studied by in situ diffrac­
tion. The basis for some of these designs was previously established in E d in b u rg h ^ ,  
but it was clear that there were lim itations. First, for laboratory-based X-ray m eas­
urem ents, applicators were previously of fixed length, and optim ised for liat-plate 
samples. We have presented modifications in which the cavity dim ensions may be 
tuned continuously during an experim ent by altering its effective dim ensions with a 
m oveable end-plate driven by a stepper motor. We have also presented an applicator 
with a cylindrical sam ple environm ent optim ised for use with capillary samples m oun­
ted on a laboratory-based diffractometer. Finally we have described an applicator with 
rectangular cross-section for neutron diffraction studies on a time-of-fiight instrument. 
We next go on to look at a variety of systems on which these applicators may be used.
Chapter 4 
Microwave synthesis and processing 
of microporous materials
4.1 Introduction
In this chapter work is described whose aim was to assess the application of microwave 
heating in zeolite synthesis and processing. It is divided into two parts. First, work to 
establish some of the conditions under which a specific zeolite - ZSM -5 - may be pre­
pared with the aid o f microwave heating, and ultimately to perform such synthesis in 
a glass capillary to enable the various processes to be studied by in situ diffraction. 
Second, to explore the potential for microwaves to be used to facilitate ion-exchange 
processes, leading to post-synthetic modification o f the material. We first review some 
o f the features o f the structure, com position and properties o f zeolites, as well as more 
recent work to look at the potential for microwave radiation to improve certain steps of 
their synthesis.
Zeolites are m inerals com posed of three dimensional structural arrangem ents o f [ Si04  J4 
and [A1C>4]5~ polyhedra (figure 4 .1) linked through their corners to form a framework. 
Generally, zeolites are a well-defined class o f crystalline alum inosilicates formed of 
silicon, alum inium  and oxygen in their framework, and cations, water and/or other m o­
lecules inside the pores. These frameworks generally are very open and contain chan­
nels and cavities in which cations and water m olecules are located. M any zeolites are 
naturally produced minerals, and are extensively mined throughout the world. Other 
zeolites (synthetic zeolites) are produced com m ercially for specific purposes. In some 
cases, natural zeolites can be produced synthetically, but some synthetic zeolites do
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not have natural counterparts, being made only in the laboratory.
O « ,S i j0 O
t>
c a g e
Figure 4 .1 : R epresentation of a [S i0 4]4 tetrahedral structure
The cations in the pores o f a zeolite often have a high degree of mobility, so that ion 
exchange may be easy and the water molecules may also be readily lost and regained, 
giving them  the well-known property as desiccants. The name zeolite comes from 
the Greek word ‘zeo’, which means ‘to bo il’ and ‘lithos’, that means ‘stone’: ‘boiling 
stone’. A nother im portant property o f zeolites arises from the regular array o f aper­
tures which, depending on the size, permits the passage of some molecules but not 
the passage o f others into the porous structure depending on the effective m olecular 
dim ensions. That is why these materials are sometimes also called m olecular sieves. 
The pores or voids in such materials typically range between 5 and 20 Á.
A general form ula for zeolites can be established starting from pure silica, which con­
sists o f S i0 4 tetrahedra sharing all the vertices. The replacem ent of som e of the SÍO4 
tetrahedra by AIO4 tetrahedra occurs, m aintaining the charge balance by the sim ultan­
eous incorporation of cations into the structure. In other words, ‘M AIO2’ or M 0.5AIO2 
replace ‘SÍO2’, where M is a mono cation (such as Na+ or K + ) or a divalent cation 
(such as Ca2+ or Ba2+). The cations introduced alongside the alum ínate tetrahedra 
are frequently hydrated leading to a general form ula for zeolite o f three components: 
cavity cations, absórbate (water) and fram ew ork(74>.
{ \M n+]x/n [ mH20  ]} { [ A 102 L  [ S i0 2
In this general formula, the first group {[M n+\ / n[ m H20  ]} describes the species 
present in the cavities, and the second group {[ AIO2 L [ SiCB ] 1 —.v} describes the tet­
rahedral species form ing the framework in the zeolite. The net negative charge o f the
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alum inosilicate fram ew ork is neutralised by the exchangeable M cations, o f valence n, 
and m  m olecules o f water in the unit cell occupying the void space, that can be greater 
than 50%  o f the volume.
Nowadays, the use of zeolites is worth billions of pounds per annum, leading to a con­
siderable interest in the synthesis of new zeolites and m icroporous m aterials for dif­
ferent applications. The application of zeolites may depend on whether the zeolite is 
natural or synthetic(75). The uses for natural zeolites include animal litter and bedding, 
w ater treatm ent, horticultural applications, additives in animal feed, uses as heavy 
metal cleaning, odour control and moisture control. These kinds o f zeolites were used, 
for exam ple, during the cleaning up of radioactive material at the Chernobyl nuclear 
plant. A m ong the m ajor uses of the synthetic zeolites, which are generally tailored 
to have specific pore sizes or chemical activity, are as detergent com ponents, absorb­
ents and, the m ajor economic driver, as catalysts. In this last application, zeolites are 
m ainly used for catalytic petroleum  cracking with a few applications in fuel-related 
and petrochem ical hydrocarbon reactions.
In order to have a clear idea of the way zeolites work, some of these applications are 
detailed below.
• Gas separation. The ability o f zeolites to act as m olecular sieves depends on 
the pore or channel sizes which vary according to zeolite type - typically from 
2.5 to 4.3 A diameter. This facilitates the adsorption of gases such as ammonia, 
hydrogen sulphide, carbon dioxide, formaldehyde, and others. This potential 
use has been exploited in industry for selective removal of gases from com posite 
gaseous mixtures.
• W ater adsorption/desorption. The natural affinity for water and their capacity 
to absorb or desorb it w ithout damaging the crystal structure makes zeolites ap­
propriate substances to be used as desiccants, controlling m oisture levels, and 
producing low humidity. This same property, added to a high heat o f adsorption, 
gives natural zeolites the capacity to efficiently store heat energy for later use at 
low cost com pared with energy systems that not utilise zeolites as heat storage 
media.
• Ion exchange. The loosely bound nature of extra-framework metal ions (such as 
those in zeolite NaA) means that they are often readily exchanged for othei types
Chapter 4. M icrowave synthesis and processing o f m icroporous materials 70
o f metal when in aqueous solutions. This is exploited in a m ajor way in water 
softening, where alkali metals such N a+ or K + prefer to exchange out to the 
zeolite, being replaced by the ‘hard’ Ca2+ and M g2+ ions from the water. Many 
com m ercial washing powders thus contain substantial amounts of zeolite. C om ­
mercial waste water containing heavy metals and nuclear effluents containing 
radioactive isotopes can also be cleaned up using such zeolites.
• Catalysis. A nother important use of zeolites is as catalysts for chemical reactions 
which may take place within the internal cavities. One of the im portant classes of 
reactions is that catalysed by hydrogen-exchanged zeolites, whose framework- 
bound protons give rise to very high acidity. This property is widely used in 
organic reactions that include crude oil cracking, isom erisation and fuel syn­
thesis. W hen other metals are introduced into the framework, zeolites are also 
used as oxidation or reduction catalysts, for example Ti-ZSM -5 in the produc­
tion o f caprolactam , and copper zeolites in NO* decom position. An im portant 
and very interesting property in this area is so-called shape selectivity where the 
shape and size of a particular pore system exerts a steric influence on the reac­
tion, controlling the access of reactants and products. Increasingly, attention has 
focused on fine-tuning the properties of zeolite catalysts in order to carry out 
very specific syntheses of high-value chemicals, for example in pharm aceuticals 
and cosm etics industries.
4.2 Synthesis and processing
The traditional way of synthesising crystalline zeolites is from aqueous alkaline gels 
containing sources of silica, alum ina and cations. This process can take weeks to form 
the final product and reactions generally need to be done under pressure and tem per­
atures between 353 and 474 K. A mineralised medium containing acid and fluoride 
ions, which will give an acidic pH (pH <5), has been used as an alternative route after 
im portant advantages were discovered^76\  Larger crystals can be formed because nuc- 
leation rates are reduced and, for zeotype synthesis, the structural incorporation of the 
heteroatom s (such B, Al, Ga and Ti) from where the precursor will be precipitated, is 
benefited by an acid or neutral pH.
During the synthesis, the use of different templates (commonly organic cations, partic
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ularly quaternary am m onium  salts) lead to a range of products with many characterist­
ics and interesting effects such as high-alum ina zeolites or tailored zeolites with certain 
specifications. M odification of zeolites can also be made after synthesis through ex­
change o f fram ework species, for exam ple dealumination procedures to change the 
Si/Al ratio or the introduction of different atoms to the framework such as B, Ga, Fe 
and Ti, am ong others*77’.
H ydrotherm al synthesis. Hydrothermal synthesis has been used in the preparation of 
many im portant solids, including m icroporous crystals, superionic conductors, chem ­
ical sensors, electronically conducting solids, complex oxide ceram ics and fluorides, 
m agnetic m aterials, and lum inescence phosphors’78’. Condensed m aterials as nano­
m eter particles, gels, thin films, equilibrium defect solids, specific helical and chiral 
structures and particularly stacking materials have also been prepared by this method*79’. 
Reaction is generally carried out above ambient temperature and pressure in sealed 
heated containers. The understanding of its mechanism becomes important in the dir­
ected synthesis o f new m aterials with specific characteristics. Basically, the m echan­
ism in hydrotherm al synthesis is based on a liquid nucleation model*8*” .
- A small aggregation of precursors, which leads to unstable germ or em bryos 
nuclei.
- The growth of som e of these germs until they are stable nuclei.
- The deposition of more material on such nuclei to form larger crystals.
Zeolite crystallisation is generally started in an inhomogeneous gel, created from sources 
of silica and alum inium  com bined with water, under high pH conditions generated by 
significant O H ”  ion concentrations. The control o f the SiCTiABO^ ratio in the gel will 
lead to the final fram ework com position of the product. Normally, with the exception 
of zeolite A, all the aluminium available is incorporated in the final zeolite*76’.
An im portant issue in zeolite synthesis is the presence of im purities in the sources of 
m aterials. Such im purities could remain insoluble during crystallisation, producing 
undesired species that can act as nucleation centres, and may lead to the formation of a 
different silicate or m etallosilicate species in solution, or may cause insoluble species 
to precipitate*’81’. As a consequence the sources of aluminium, silicon and cations are
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carefully selected, and the m ost com m on that have been used are(82):
Sources o f aluminium. Sodium alum ínate is the most common substance used to 
provide alum inium  during zeolite synthesis but other alternatives can be A l(O H )3, 
freshly prepared A L O 3 or AIO(OH). Some syntheses could include also alum inium  
alkoxides, alum inium  salts (like aluminium sulphate), and natural alum inium  sources 
from glasses, sedim ents, feldspars and related minerals. Alum inium  rich industrial 
wastes have also been em ployed in zeoglite synthesis. Zeolite production from alu­
m inium  sources is enhanced by the presence of the [Al(OH)4]_ moiety.
Source o f  silicon. The m ost widely used sources of silicon are soluble silicates and 
their hydrates such as sodium m etasilicate pentahydrate, silica sols (30% by weight 
SÍO2), m ade from high surface area ( ‘fum ed’) silica such as Cab-o-Sil, and com m er­
cial products such as Syntox. Less frequently used are silica gels and glasses (including 
volcanic glass), silicon esters, clays (kaolinite), volcanic tuffs (loose pyroclastic m a­
terial), sand and quartz.
Sources o f  cations. As high pH favours zeolite crystallisation, alkali metals and al­
kaline earth hydroxides are the preferred cation sources in most cases for industrial 
zeolite production. O ther oxides and some salts have been used in this role too and, 
o f course, the soluble silicates and aluminates are themselves cation sources. Tét­
ram éthylam m onium  (TM A) salts may be em ployed too. M any syntheses involving 
organic cations have been developed and they are particularly useful in the synthesis 
of high-silica zeolites (for example ZSM -5), phases of silica with zeolitic properties 
(for exam ple silicalite) and some zeotypes (for example AIPO4).
Use of tem plates. The tem plates used in zeolite synthesis are com m only cationic 
species added to synthesis m edia in order to aid or guide in the polym erisation / organ­
isation of the anionic building blocks that form the final fram ew ork*81 f. The study of 
tem plates in the synthesis of zeolites started after it was observed that they were not 
ju st acting as charge balancing cations but also had a role in directing the synthesis of a 
particular m olecular sieve structure. A t the same time, after observing the correlation 
between size and shape of the tem plate and the size and shape of the cavity formed 
in the zeolite the conclusion was that the templates build the moleculai sieve structure 
around them selves by directing the condensing oxide tetrahedra into a particular geo­
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metry. Two exam ples illustrate this. The synthesis of sodalite, using TM A cations, 
and the synthesis of high silica ZSM -5 using tetrapropylam m onium  cations. In the 
first case, the M e4N + cations are located at the centre of the sodalite cages in the final 
product, proving that the zeolite must have form ed around the cations because they 
are so big that they cannot enter or leave. In the second case, the cation is located at 
the intersection of the two intersecting channel systems with the four long alkyl chains 
lying along the four individual c h a n n e ls ^ .
It was suggested(76) that the organic guest molecules could act in three distinct ways.
• Space filling species. The role of the organic tem plate is to exclude the water 
from the voids in the framework by means of a decreasingly unfavourable ener­
getic interaction between the solvent water and the growing m olecular sieve. In 
this case, the nature of the tem plate is not really important.
• Structure directing agents. The process in which a unique tem plate leads to 
the form ation o f a unique structure that reflects the geom etrical or electronic 
structure o f the tem plate. That means that the structure cannot be synthesised 
by another tem plate. In this process, there is a very high correlation between 
the size o f the organic molecule and the size and shape of the fram ework pore 
produced.
• True templates. This process is very rare and the best exam ple is the synthesis o f 
Z S M -18 using the triquaternary amine (CigH^oN^1")- It is suggested that, during 
the synthesis and in the lowest energy conformation the template is held in a cage 
in the zeolite fram ework that has the same three-fold symmetry as the organic 
tem plate and then, the organic m olecule is not allowed to rotate in this cage. In 
this case, the shape of the tem plate plays an im portant role in the localisation of 
the T 0 4 groups around it and with that the structure of the final product.
Post-synthetic m odification o f zeolites. Once prepared, zeolites may be modified by 
ion-exchange to produce derivatives that may have quite different chemical character, 
for instance with regard to their behaviour in catalysis. Such ion-exchange is usually 
carried out in so lu tion(83,84) although solid-state processes have becom e more com ­
mon since the 1970’s (85) because they are often easier. In the case of ion exchange in 
solution, for exam ple, the m ethod has to take into account many factors for obtaining a 
high dispersion of the salt into the channels of the zeolite. Among those factors a re18
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type o f zeolite (structure and pore size), nature of the ion to be exchanged (concentra­
tion, ion size, and w hether or not the salt is hydrated), tem perature of the process, and 
solvent (m ainly water is used). In comparison, higher yields and high dispersions into 
the channels can often be obtained through solid-state methods in a single-step process.
For solid state ion exchange a dry powder of the zeolite and salts or oxides containing 
the cation to be exchanged are mixed together and then heated. The m ost favourable 
cases will lead to a very high degree of exchange in a single step allowing also certain 
m etals to be exchanged in narrow pore zeolites. Equation 4.1 shows a representation 
of the processes that take place during solid state ion exchange in a z e o l i t e ^ .
p M ” 1 + (Z “ )ni +  q M l 2+(Am )n2/ m x M n/  (Z ~ )n2 +  ( p - [ n \ / n 2]x)M nf  (Z ~ )m
+  ( n , / n 2)x M ’f  (A"r )nx/ m +  (,q - x ) M ' f  (,\ m~)n2/m
(4.1)
where:
M\ is the outgoing cation present in the zeolite,
M i  is the ingoing cation to be exchanged,
n \ , m  are the valencies of M\  and M i  respectively,
A  is the anion of the M o-containing com pound (salt or oxide),
m  the valency of A,
Z ^  is the m onovalent fragm ent o f the zeolite framework, 
p , q ,x  are stoichiom etric coefficients.
In both solid-state and solution ion exchange the exchange process leads to an equi­
librium , but in the case of the solid-state process, conditions can be chosen so that the 
equilibrium  is shifted to obtain an exchange of effectively 100%. This is generally 
brought about by the continuous removal of one of the components of the exchange 
product. This is represented in equation 4.2 for a m ixture of a zeolite in its hydiogen 
form H -Z (M\ =  H and n\ =  1) and C aC b (Mi =  Ca, m_ =  2, A =  Cl and m =  1). 
A dditionally the solid state reaction may be conducted with the salt being piesent in 
sub-stoichiom etric (q <  p / 2), stoichiometric (q =  p / 2) or excess (q >  p / 2 ) quantities, 
allowing a desired degree of exchange to be achieved.
pH -Z  +  qCaCl2 — > xCa-Zi  +  (p  -  2x)H -Z +  2xHCl T +(<? -x )C a C l2 (4.2)
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4.3 Synthesis facilitated by microwave irradiation
As in m any areas o f chemistry, the potential for microwave radiation to improve syn­
thesis has been explored in recent years. The initial application of microwave heating 
in zeolite chem istry was to dry zeolites or remove ethanol from silicates. In this kind of 
work, studies^87' have focused on the microwave heating of zeolites to determ ine the 
am ount o f energy that those materials absorb. Samples of ‘dry’ and ‘w et’ com m ercial 
zeolites were heated by microwave radiation, confirming that the water in the ‘w et’ 
sam ples absorbs the microwave radiation and can be evaporated. O ther conclusions 
were that com m ercial acid zeolites such as zeolite A, Y, US-Y, among others, do not 
absorb m icrowave energy strongly at 2.4 GHz but sodium and potassium  zeolites ab­
sorb enough to be melted. Preparation of silica gels by conventional hydrothermal and 
m icrowave hydrotherm al processes showed that remarkable reductions in processing 
tim e could be achieved; in som e cases from 48 hours to 2 hours^88).
A nother application o f microwave radiation in zeolite synthesis is in the preparation of 
solids w ith strong basic properties for use as catalysts(89). MgO dispersed in zeolite 
KL was radiated for a period o f 10 to 40 min in a microwave oven (2.4 GHz). The 
results showed that M gO can be directly and more effectively dispersed in zeolite 
KL by microwave radiation producing strong basic sites and high activity in cis-2- 
butene. In another example, for the production of coloured plastics, it was shown 
that coum arine and azo dyes were monomolecularly encapsulated in AIPO4-5 using 
m icrow ave-assisted crystallisation*901. Two stages of heating were used in this study 
changing from  1 kW  to 0.25 kW  and completing the crystallisation between 15 and 
45 min. M icrowave assisted crystallisation allowed the inclusion of the chrom ophores 
w ithout decom position.
The first synthesis of zeolite using microwave heating was of the zeolites Na-A and 
Z S M -5(9I). The synthesis was perform ed in an industrial oven and showed that zeolite 
Na-A was produced, crystallising in 12 min at 373 K instead of 2 hours in a steam box. 
ZSM -5 was heated with microwaves at 373 K for 100 min and found to have the same 
degree of crystallinity as a sam ple that had been heated conventionally for 6 hours. 
These are but two of many cases in which microwave processing has been shown to 
offer rem arkable im provem ents in processing tim e for products o f com parable qual­
ity. There has also been considerable work to try to determine just why microwaves
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may bring about such changes'9_). W hat is apparent is that there is a strong need to 
develop m ethods to look at such processes in situ, revealing interm ediate phases and 
the kinetics that govern their formation or consumption. Here we report prelim inary 
work to determ ine the range of conditions under which a particular synthetic target - 
ZSM -5 - can be produced reproducibly with microwave irradiation. We also explored 
som e aspects of a recently-reported problem concerning the observation that tetra- 
alkylam m onium  ions may break down during microwave irradiation at tem peratures 
com parable to those at which synthesis is perform ed(93).
4.3.1 Aluminosilicate ZSM-5
The fram ew ork o f ZSM -5 contains a configuration of linked tetrahedral units form ed 
by eight five-m em bered rings (called pensil groups). These units, jo ined through edges, 
form chains and the connected chains, form sheets that lead to the three-dim ensional 
structures (figure 4.2(a)). Another characteristic o f this zeolite is the existence of 
two intersecting pore systems, zigzag channels with a near-circular cross section and 
straight channels o f elliptical shape (figure 4.2(b)). All the intersections in this m ater­
ial are the same sizes and give the material its special adsorption characteristics and 
catalytic properties. The low aluminium content results in a low presence of cations. 
This material is hydrophobic and consequently its water content is low.
(a)
Figure 4 .2 : S chem atic  representation structure and porous ch a n n e l(94) system  
for Z S M -5 . (a) Three  dim ensional structure and (b) intersecting pore system  
channels.
Zeolite ZSM -5 possesses useful catalytic properties and high thermal stability. Among 
the many applications of this material is the conversion of methanol to petrol, dewaxing
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of distillates and the interconversion of aromatic compounds*95). The catalytic prop­
erties o f this and related m aterials are strongly dependent on the structure so in order 
to im prove such properties it is important to have a good understanding of structure - 
property relations*961.
ZSM -5 is traditionally synthesised using the organic tem plate tetrapropylam m onium  
ion (TPA+ ) to produce high silica zeolites via hydrothermal synthesis*-81). The crys­
tallisation process takes o f the order of 40 hours at a tem perature of 453 K, yielding 
a final product with a crystal size of 6 pm .  Tetrapropylammonium brom ide (TPA-Br) 
has been used to produce a ZSM -5 catalyst for the isomerization of 1-butene to isob- 
utene. This study was based on the hypothesis that the degree of crystallinity affects 
the catalytic behaviour of this zeolite. The synthesis was carried out again under hy­
drotherm al conditions at 423 K for 72 hours. A zeolite with 86% crystallinity was 
obtained using this template*971. In a study to explain the hydrophobic character o f 
the structure-directing role of different templates (tetra-, ethanoltri- and diethanoldi- 
propylam m onium  cations) used to prepare Si-ZSM -5, the so-called silicalite-1, the 
synthesis o f this material took from 1 week for TPA and ethanoltripropylam m onium  to 
2 weeks for diethanoldi- propylammonium*981. In the case of zeolites with Si/Al ratios 
between 20 and 40, ethylam ine was used to find the relation between the pH and the 
role o f the small amines in the synthesis; the crystallization tim e was 65 hours at 433 
K * " 1. In a variation of this synthesis to study the nature of acid sites (Bronsted-Lewis 
sites) in ZSM -5, the zeolite was obtained after an overnight digestion stage followed 
by a 23 hours reaction to obtain the zeolite1100).
A study made by Lowe and Nee revealed that, in absence o f organic m olecules no 
form ation o f the ZSM -5 was possible*101). The study was made with a system with 
com position yK^O : XALO3 : 60SiC>2 : 3OOOH2O (where 5 <  y  <  20 and 0 < x  < 
2) at 423 K. The conclusion was that crystalline zeolite ZSM -5 could only can be pre­
pared (for the conditions of this experiment) in the presence of ‘im purities’ such as 
ZSM -5 seeds or TPABr. However, some studies made on this area showed that the 
synthesis o f ZSM -5 w ithout an organic tem plate is possible over a narrow range of 
N a+ and alum inium  concentration*77).
The sodium form o f this zeolite (NaZSM-5)*10-1, the acidic form (HZSM 5 ) 1 ~) and 
forms containing transition m etals - Co (N i)-ZSM -511041 and Cu-ZSM  5 ' - have
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been also prepared by ion-exchange methods. In some cases, solid-state processes 
with tem peratures o f 673 K perm it the ion exchange in a few hours. In other cases, the 
stirred solutions were kept for 24 hours and then the solid was calcined for a further 24 
hours to obtain the final product.
4.4 Microwave-driven solid-state ion exchange in zeoli­
tes
As with the synthesis o f zeolites, microwave radiation has been proposed and tested as 
a means of accelerated ion-exchange both in solution and in the solid state*92’106’107’108). 
However, experim ental work is generally poorly documented, and carried out in do­
mestic m icrowave ovens with poor or no determ ination of temperature. Here we ex­
plore one such system , that o f the loading of copper ions into ZSM -5 by heating it with 
copper chloride dihydrate, CuCH H 2O; previous w ork*1071 was based on m onitoring 
the uptake o f the copper salt through the loss of its characteristic X-ray diffraction 
pattern after microwave irradiation, and was taken to indicate a very efficient process 
in the microwave field. It should be noted too that the copper-loaded ZSM -5 also has 
highly desirable catalytic properties.
4.5 Experimental procedure and results
4.5.1 Establishing protocols for synthesis of ZSM-5 with conven­
tional heating
The synthesis o f zeolites is well known to be very sensitive to a wide range o f factors, 
and it is also recognised that it is sometimes difficult to achieve reproducible products 
between different research groups so we first established protocols and an understand­
ing o f the relationship between samples prepared with conventional heating before 
attem pting to look at the influence of microwave radiation on the synthesis.
ZSM -5 was synthesised using a concentrated gel with the following com position *l09): 
((TPA)2 0 )i.7(Na20 )6.7(Al203) l.l(S i0 2 )46.2(H2 0 ) i i675 
where TPA are the TPA r ions added as TPA-Br.
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Two solutions containing the reactants were prepared as follows:
Solution A: Silica fum ed (Aerosil, Degussa/Aldrich, 99.8%) + NaOH (Fisher Sci.) + 
FbO  /TPA-Br (Aldrich, 98.9%) + FLO
Solution B: NaAlCL (Riedel-de Haen) + FLO
Solution A was stirred for 30 min at 313 K after which solution B was added and m ain­
tained w ith stirring at the same tem perature for one more hour(93). The pH o f the final 
gel was adjusted to 11 with sulphuric acid. The hydrogel thus formed was then loaded 
into a stainless steel digestion bom b with a PTFE (polytetrafluoroethylene) liner and 
heated at 423 K for 3 days1109). The final product was isolated by filtration and washed 
several tim es with deionized water and dried in air at 393 K for 3 hours. In one case, 
after drying, the powder obtained was calcined at 773 K for 3 hours to com pare it with 
com m ercial HZSM -5 zeolite (Laporte Laboratories). Samples were characterised us­
ing X-ray diffraction and scanning electron microscopy (SEM).
Figure 4.3 shows the diffraction patterns for the samples that were synthesised. It can 
be observed that well crystallised material was obtained with this method when com ­
pared with the com m ercial sample. Several factors such as the source of materials, pH 
and water content can influence the final product. The morphology of the crystals will 
depend on factors such as the aging time, the nature and concentration of the tem plate, 
as well as the nature of the alkali cations. This was observed when batches of the same 
gel were allow ed to age for several days (0, 7 and 14 days) before being loaded in the 
digestion bom b to be heated. The results were as m ight have been anticipated: the 
sam ples with the greatest aging tim e were more crystalline than those prepared with 
fresh gel (0 days) or less aging tim e (figure 4.3). No change in structure was detected 
when the sam ple was calcined to remove the TPA+ used as tem plate in this synthesis.
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Figure 4 .3 : X -ray diffraction patterns of Z S M -5  sam ples produced under con­
ventional heating, (a) com m ercial F IZSM -5, (b) sam ple calcined for 5 h at 7 7 3  K 
from a fresh gel, (c) sam ple  prepared with a 7 days aged gel -as synthesised-,
(d) sam ple  prepared  with a 10 days aged gel -as synthesised.
Figure 4.4 shows the SEM  micrographs obtained for the same samples using the same 
labelling as in figure 4.3 to distinguish between the conditions of synthesis, and also 
displaying, from left to right, pictures taken at increasing magnification. This reveals 
the changing structure of each sample at different length-scales, from the form o f ag­
glom erates to the shape of individual particles. In all the samples, spherical agglom ­
erates were obtained which is in accordance with what is generally observed for this 
kind o f m aterial(109:i.
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Figure 4 .4 : M icrographs of Z S M -5  sam ples produced under conventional h eat­
ing. (a) com m ercial H Z S M -5 , (b) sam ple calcined for 5 h at 773  K from a fresh  
gel. For each sam ple, m icrographs are shown at increasing magnification.
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Figure 4 .4 : (C ont). M icrographs of Z S M -5  sam ples produced under conven­
tional heating, (c) sam ple prepared with a 7 days aged gel -as synthesised-, (d) 
sam ple  prepared  with a 10 days aged gel -as synthesised-. For each sam ple, 
m icrographs are  shown at increasing magnification.
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4.5.2 Synthesis of ZSM-5 with microwave heating
The gel used for the microwave-heated experiments was prepared in the same way as 
for conventional heating. In order to compare the influence of variables such as tem ­
perature or tim e of crystallization, the same gel was used when possible.
Two kinds o f single-m ode cavity microwave devices were used for the syntheses - the 
CEM  Explorer PLS™  and the CEM  Discover™  System. In both cases, the system 
consists o f a circular single-m ode cavity with a circular hom ogeneous held pattern. 
The sam ple is loaded in a sealed glass test tube and placed in the centre of the cavity 
where it m ay be continuously irradiated with microwaves through several slots in the 
cavity wall. The tem perature is measured through an infrared tem perature sensor po­
sitioned below the test tube and a pressure transducer needle is inserted in the lid of 
the test tube. In som e cases, reactions can be quenched by means of com pressed gas 
while m axim um  pow er is applied (the so-called Max Power feature). Com pressed gas 
is forced into the reaction cavity and as the gas expands, it cools the atm osphere inside 
the cavity. W hen this feature is used, the real temperature in the sample is not known 
as the tem peratures inside the tube and outside are different. Figure 4.5(a), 4.5(b) and 
4.5(c) show both types o f apparatus used and a schematic diagram of the single mode 
cavity inside them.
(a) (b) (c)
Figure 4 .5 : C E M  m icrowave devices, (a) Explorer P L S ™  equipped with an  
autom ated  reaction handling m odule with a multiple sam ple deck, (b) D is­
co ver™  for individual sam ples, and (c) schem atic drawing of the single-m ode  
cavity, v iew ed from above.
The first attem pts to synthesis ZSM -5 under microwave irradiation aim ed to establish
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the tem perature and tim e required for zeolite crystallisation. In all cases, the product 
obtained after the samples were exposed to microwave radiation were filtered, washed 
several tim es with deionised water and dried at 393 K for 3h.
In the first attem pt to synthesise ZSM -5 using microwave radiation, a sample of fresh 
gel was heated to 423 K for 2h using 70 W of power, as a means of com parison with 
w hat was obtained in conventional heating. The X-ray diffraction pattern o f this sam ple 
(figure 4.6(b)) showed that under these conditions just am orphous material was ob­
tained, and only when the gel is first allowed to age for several days (7 and 14 days) is 
the form ation o f small am ounts of ZSM -5 seen (figure 4.6 (c) and (e)).
Figure 4 .6 : Z S M -5  synthesised under m icrowave heating at different condi­
tions. (a) com m ercial F IZS M -5, (b) sam ple prepared with fresh gel, heated  at 
4 2 3  K for 2  h, (c) sam ple prepared with a 7 days aged gel and heated  at 423  
K for 3 h, (d) sam ple  prepared with a 7 days aged gel and heated at 433  K for 
1 min plus 30  min at 4 1 3  K, (e) sam ple prepared with a  14 aged gel heated  at 
42 3  K for 3 h.
It has been reported(93) that ZSM -5 is obtained under microwave irradiation using a
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tem perature profile such that the sample is heated at high tem perature (433 K for 1 
min) in a short period of time then changed to the reaction tem perature (413 K for 30 
min) where it was claim ed that the crystallization process takes place. A sam ple using 
7 days aged gel was synthesised using these conditions but no crystalline material was 
obtained either (see figure 4.6(d)). A possible explanation is that the tem perature ob­
served was not the actual tem perature in the sample but possibly sufficiently different 
to the set, control tem perature. The IR therm om eter which takes the control readings 
is placed near the bottom  of the test tube, and does not necessarily reflect the mean, 
bulk tem perature well. To investigate whether this particular synthesis failed because 
o f such variations in the temperature, three samples of a 14 days aged gel were heated 
with m icrowave radiation under the following conditions: one sample was heated at 
423 K for 3 h, a second sample was heated at 443 K for 3 h and, a the third sam ple was 
heated using the Max Power feature in the oven for 3 h with a set tem perature of 443 
K. The X -ray diffraction patterns of these samples are shown in figure 4.7 where it can 
be observed that ZSM -5 was successfully crystallised at 443 K for 3 h with or without 
the M ax Pow er feature switched on, but as observed before the sample at 423 K was 
not crystalline, im plying that this last synthesis actually ran cooler than the synthesis 
reported in the literature at 413 K (93).
The analysis o f the samples with SEM (figures 4.8(a) - 4.8(b)) revealed that cube­
shaped and sphere-shape agglomerates, characteristic of ZSM -5 zeolite were obtained 
but no crystals were seen in the sample prepared at 423 K (figure 4.8(c)) despite pre­
vious work in the literature(93). Even for the sample prepared at 443 K with the Max 
Power feature applied, some amorphous material was still observed in the micrographs.
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Figure 4 .7 : X -ray  diffraction patterns for sam ples synthesised under m icrowave  
heating for 3 h. (a) 4 4 3  K, (b) 443  K with the M ax Power feature enabled , and  
(c) 4 2 3  K.
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Figure 4 .8 : M icrographs of Z S M -5  prepared from a 14 days aged gel using 
m icrow ave radiation, (a) S am ple  synthesised at 4 4 3  K for 3 h, (b) sam ple syn­
thesised using the M ax Power feature for 3 h. For each sam ple, m icrographs  
are  shown at increasing m agnification.
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20.0 kV 6.0 819x SE 7.6 ZSM-6 Sample 0 (2)
Acc.V Spot Magn Dot WD I--------------------------1 10 pm
26.0 kV 5 0 6430x SE 7.6 ZSM-5 Sample 8 (3)
Figure 4 .8 : (C ont). M icrographs of Z S M -5  prepared from a 14 days aged gel 
using m icrow ave radiation, (c) sam ple synthesised at 423  K for 3 h. For each  
sam ple , m icrographs are shown at increasing m agnification.
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Having established that crystalline ZSM -5 could be synthesised under m icrowave irra­
diation at 443 K, a new series o f samples was prepared at this tem perature at different 
reaction tim es in order to understand how this factor affects the final product. Four 
sam ples from  the same aged gel were used to study synthesis with the following re­
action tim es: 20 min, 30 min, 2 and 3 hours. The X-ray diffraction patterns showed 
that reaction tim e can be reduced from 3 to 2 hours while retaining high crystallinity 
(figure 4.9) and this can also be observed in the electron m icrographs taken for this 
sam ple (figure 4.10(c)). In the other cases, samples prepared with 20 or 30 minutes 
o f irradiation showed no or little crystallinity (figures 4.10(a) and 4.10(b)). Pictures 
showing the now characteristic spherical agglomerates for the sample prepared at 3 
hours are shown in figure 4 .10(d).
Figure 4.9: X-ray diffraction patterns for ZSM-5 under microwave radiation at 
different reaction times, (a) 20 min, (b) 30 min, (c) 2 h, and (d) 3 h.
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(b)
Figure 4.10: Micrographs of ZSM-5 prepared at 443 K from a 14 days aged gel 
using different lengths of microwave irradiation time, (a) Sample synthesised 
in 20 min, (b) sample synthesised in 30 min. For each sample, micrographs 
are shown at increasing magnification.
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Figure 4.10: (Cont). Micrographs of ZSM-5 prepared at 443 K from a 3 days 
aged gel using different lengths of microwave irradiation time, (c) sample syn­
thesised in 2h and (d) sample synthesised in 3h. For each sample, micro­
graphs are shown at increasing magnification.
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It has been claim ed that the tem plate can degrade during microwave r a d i a t i o n s o  
we also explored this idea by heating several samples of the same gel at different tem ­
peratures for 3 hours, from 423 K up to a maximum tem perature of 458 K where no 
crystallization was expected to occur due to the degradation of the template.
Surprisingly, highly crystalline ZSM -5 was produced at 458 K as illustrated in the X- 
ray diffraction patterns (figure 4.11) and in the electron micrographs (figure 4.12) with 
well defined cube-shaped agglom erated crystals characteristic of this form of ZSM -
5. No appreciable am orphous material was observed for this sample. The sample 
prepared at 443 K with this gel again gave highly crystalline ZSM -5, as observed be­
fore. The m icrographs for samples prepared at 423 and 433 K, where it was observed 
that the crystallization process was not complete, are presented in the figures 4.13(a) 
and 4.13(b) respectively. In both cases, mainly amorphous material was observed.
Figure 4.11 : X-ray diffraction patterns for ZSM-5 synthesised under microwave 
radiation at different reaction temperatures, (a) 423 K, (b) 433 K, (c) 443 K, 
and (d) 458 K.
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(a)
Figure 4.12: Micrographs of ZSM-5 prepared with a 14 days aged gel using 
microwave radiation for 3 h and different reaction temperatures, (a) Sample 
synthesised at 458 K. For each sample, micrographs are shown at increasing 
magnification.
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(b)
Figure 4.13: M icrographs of ZSM-5 samples synthesised using a 3 days aged 
gel and heated to (a) 423 and (b) 433 K for 3h with microwave radiation. For 
each sample, m icrographs are shown at increasing magnification.
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A new sam ple was prepared from a new gel and a new silica source (fumed silica, 
A ldrich, 200 i r r g “ 1) and the same results were found for the higher tem perature (458 
K) and tim e (3h) which confirms that no template degradation takes place at this tem ­
perature assum ing that the tem perature observed represents the ‘real’ tem perature in 
the sample. The reproducibility of the synthesis of ZSM-5 was also probed. As ob­
served in the X-ray diffraction patterns shown in figure 4.14 and the m icrographs in 
figure 4.15 the two samples produced sim ilar crystalline materials.
Our attem pts to synthesis ZSM -5 reproducibly and along sim ilar lines to those reported 
in the literature m et with mixed results. In general, we found that we needed a slightly 
higher tem perature to achieve a sim ilar degree of crystallinity, and this, together with a 
lack o f evidence for tem plate degradation at higher set tem peratures suggests that the 
set tem peratures for the instrum ents we used were lower than at least some of those 
reported in the literature. This underlines not only the sensitivity o f this class of syn­
thesis towards relatively small changes in reaction conditions, but also the challenges 
in reliable m easurem ent of tem perature during microwave synthesis.
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Figure 4.14: X-ray diffraction patterns showing reproducibility of samples of 
ZSM-5 prepared under the same conditions: 459 K for 3 hr with microwave 
irradiation, (a) Gel prepared using Aerosil and (b) gel prepared using fumed 
silica, Aldrich.
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Figure 4.15: M icrographs of ZSM-5 synthesised from a a new silica source 
using microwave radiation at 458 K for 3h. For each sample, micrographs are 
shown at increasing magnification.
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4.5.3 Solid-state ion-exchange under microwave irradiation
Previous work on microwave-driven insertion of copper ions from CuCl2 2H 20  into 
ZSM -5 used X-ray diffraction to m onitor the CuCl2 2H20  rem aining after processing(I07). 
However, we suspected that the copper salt could heat and decom pose in the m i­
crowave field on its own, and that the less hydrated product m ight not diffract as well 
or at all. This could account for some of the loss of the copper salt attributed in som e of 
the work in the literature to insertion into the host. To explore this possibility further, 
m ore m easurem ents were taken with greater care to observe the heated products, and 
control the extent to which they m ight be dehydrated. The preparation o f the samples 
for this particular part o f the project and the diffraction measurements were perform ed 
by a project student, Rachel Lees, using apparatus developed by F. M. Pina-Sandoval.
C uCl2 2 H ?0  (Sigma, 99.0% ) was first heated on its own to 373 and 403 K using 
m icrowave radiation and a pow der X-ray diffraction pattern taken (figure 4.16). The 
sam ple was then left overnight (14 hrs) in air and the diffraction pattern taken again. 
This indicates that the hydrated salt is dehydrated to produce a crystalline product, and 
this is largely converted back to the original hydrate on exposure to air. The m ost in­
tense peaks of the hydrate, at 16.7° and 33.2°, were reduced in intensity by 50% and 
90% respectively after this cycle of treatment.
Figure 4.16: X-ray diffraction patterns of CuCI2 2H20  salt, (a) before irradi­
ation, (b) after microwave heating to 373 K, (c) after microwave heating to 403 
K and (d) after overnight rehydration.
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Sam ples o f ZSM -5 (Laporte Inorganics) and C11CI2 2H2O (at loadings o f 10, 32 and 
50% ) were then mixed mechanically, with a m ortar and pestle for around 20 min, and 
their structure investigated using the microwave rectangular applicator shown in fig­
ure 3.3 in C hapter 3. The samples were heated to 403 K at 250 W  for 1 hour with XRD 
patterns taken before, during and 12 hours after, microwave heating to allow som e de­
gree o f rehydration of the copper salt during exposure to the atmosphere.
For loadings o f 10 and 32% of C uC F 2H 2O, there were no CuC F 2H 2O peaks ob­
served in the XRD pattern after both microwave heating and rehydration, suggesting 
that the salt had been thoroughly dispersed across the surface of ZSM -5 and within its 
channels (see figures C .l and C.2 in Appendix C). There are also no changes in the 
peaks relating to ZSM -5 showing that microwave heating does not effect the crystallin- 
ity with heating at 250 W  for 1 hour.
For 50%  C uC l2 2H 2O loading, there is no trace of CuCF 2HbO in the diffraction pat­
tern im m ediately after exposure to the microwave radiation, but some of it is recovered 
after overnight exposure to air; a comparison of the intensity of characteristice peaks 
suggests that the rem aining intensity is o f the order o f 30% of the original (figure 4.17). 
The difference between this and the am ount used in the initial m ixture corresponds to 
the m axim um  loading of CuC F 2FFO, which can be dispersed by microwave heating 
as determ ined by Xian Pt n l(W1)
29 / °
Figure 4.17: In situ X-ray diffraction patterns of 50% CuCF 2H 20-ZS M -5 be­
fore and after microwave heating, (a) before processing, (b) after microwave 
irradiation to 403 K, (c) after further exposure to air overnight, (d) after heating 
conventionally at 473 K for 1 hour.
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The change in the X-ray diffraction pattern of CuCU when heated underm ines the re­
liability o f using XRD as a m ethod to determ ine the degree of CuCD 2H 2O dispersion 
in ZSM -5 and other zeolites. Therefore, alternative methods were tested to probe the 
degree o f copper uptake in this last set o f experiments with the ZSM -5 host. X-ray 
photoelectron spectroscopy (an M XRI electrostatic electron gun with A1 K a  X-rays) 
failed to detect any signal that could be attributed to copper. However, the m easure­
m ent o f the m agnetic susceptibility using a SQUID M agnetom eter (Quantum Design, 
M PM S2), did show a significant magnetic response and in the absence o f any other 
candidate with a param agnetic response, this was attributed to C u2+. It is assum ed 
that the response per Cu2 l_ ion is approximately 1.73 Bohr magnetons, which provides 
a good approxim ation for C u2+ ions in many magnetic materials*110), then we can 
estim ate the concentration of C u2+ in the ZSM -5. Prior to m easurem ent, samples 
w ere washed thoroughly in deionised water to try to remove any copper salt that might 
have adhered to the surface. Figure 4.18 shows the concentration of copper moles per 
unit m ass of zeolite with microwave heating up to 1 hour (data recorded is shown in 
table C. 1 in A ppendix C).
Figure 4.18: Concentration of Cu2+ ions in ZSM-5 after microwave heating 
from SQUID magnetom etry measurements.
There is very little increase in the degree of copper loading as heating tim e is increased. 
It is possible that the copper migration may not have occurred fully throughout the 
sam ple with the m ajority o f copper situated on the surface 01 within the channels close 
to the surface of the zeolite, which would therefore have been removed through the 
w ashing process. This could be a result o f the external pores being blocked, 01 pore 
m igration of the copper ions in solid state in 1 hour.
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4.6 Conclusion
We have established a set o f conditions under which ZSM -5 may be grown efficiently 
and reproducibly under microwave irradiation, in some cases offering significant ad­
vantages over conventional methods. Microwave irradiation for 3 hours at 458 K yiel­
ded a product com prising only cube-shaped crystals with a crystallinity com parable 
to that o f a com m ercial sample prepared with conventional heating, as for samples 
reported in the literature for microwave irradiation*93,111,112,92). However, there is an 
im portant difference, and that is that the tem peratures we found necessary to achieve a 
particular yield or degree o f crystallinity were significantly higher than other workers 
report for m icrowave synthesis, and this could reflect an error in the way in which the 
tem perature o f the bulk sam ple is determ ined in the commercial apparatus we used. 
Such a difference is also consistent with our failure to find any evidence for tem plate 
degradation at 458 K, at variance with reports in the literature*93 .̂
The next stage in such work would be to study the progress of the various stages of 
this reaction by in situ diffraction to reveal crystalline interm ediates and study the kin­
etics for their form ation or destruction. We have not explored the technical solution 
to this in any detail, but anticipate that it will be beyond the scope of current angular- 
dispersive laboratory-based diffractometers; instead, it is likely that the problem would 
require the brightness of a synchrotron source, or perhaps a laboratory-based energy- 
dispersive diffractometer. In either case, though would also have to be given to a suit­
able m aterial or m aterials for containm ent at the elevated tem peratures and pressures 
involved, and also to determ ination of the temperature in situ. This last param eter may 
be determ ined with a flouroptic probe, particularly if a method could be found to seal 
it into the capillary robustly and reversibly, perhaps using sim ilar technology to that 
used in high-pressure liquid chromatography.
We have also perform ed an initial exploration of insertion of copper ions from C uC b 
2H 20  into ZSM -5 under microwave heating and looked critically at the application of 
pow der X-ray diffraction to track this process through a reduction of the diffraction 
pattern of the copper salt. A problem  was identified in this method, arising from the 
fact that m icrowave irradiation can dehydrate the salt, and it is only after samples 
have been allowed to rehydrate that a good comparison should be made with starting 
material to assess uptake. An alternative m ethod of analysis was identified in the form
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of SQUID m agnetom etry on well-washed samples. This provides a measure of the 
am ount o f param agnetism  in the sample, and as this can be reliably related to the 
concentration of C l2+ ions, it provides a good measure of uptake o f the salt.
Chapter 5 
Phase transitions in ferroelectric 
materials during microwave radiation
5.1 Introduction
There are indications that microwave heating can influence the structure or m icrostruc­
ture o f m aterials with significant dielectric susceptibility. Prelim inary pow der neutron 
diffraction m easurem ents on BaTiO j indicate that during microwave heating, its cell 
param eters are anom alously high, while its ADPs are anomalously low com pared to 
a conventionally heated sample when using a fluoroptic probe to m onitor the average 
tem perature (69\  E ither observation taken separately m ight indicate a system atic er­
ror with the m ethod o f m easuring temperature, but are difficult to explain in term s of 
equilibrium , therm odynam ic properties when taken together. There was also some in­
dication that a characteristic phase transition, from a tetragonal ferroelectric phase, to a 
cubic paraelectric phase, took place at a slightly lower tem perature than is usual. Sim ­
ilar m easurem ents on KNbCL indicate that under microwave irradiation, a significant 
fraction o f the sam ple appears hotter than the average - again taken with a fluoroptic 
probe - based on the observation that some of sample adopts the structure of a relat­
ively high tem perature phase(U3\
In order to explore both systems further, and also to test the perform ance of the in 
situ diffraction-m icrowave equipment, we proposed to conduct m easurem ents both on 
an in-house pow der X-ray diffractometer, a Philips PW 1730 X-ray diffractometer, and 
on HRPD at the ISIS Facility at the Rutherford Appleton Laboratories. In both cases 
the m icrowave rectangular waveguide system described in Chapter 3 was used with
103
Chapter 5. Phase transitions in ferroelectric materials during microwave radiation 104
the m odifications described therein to adapt to the different geom etries of the two in­
strum ents. The X-ray m easurem ents were of lower resolution, but had the advantage 
o f ready access to the instrum ent, while we measured only K N b 0 3 on the HRPD be­
cause o f lim ited access. First we outline the phenom enon of ferroelectricity because 
both the high dielectric response of BaTiCL and K N b 0 3 is related to their behaviour 
as ferroelectric m aterials over a range of temperatures.
5.1.1 Ferroelectrics
Ferroelectricity is a physical phenom enon in which a spontaneous electric dipole m o­
m ent can be reoriented from one crystallographic direction to another by an applied 
electric field. Such reorientation processes will involve two or more dom ain states 
within the crystal or within the individual grains in a ceramic. At high tem peratures 
such m aterials have no spontaneous electric polarisation and are said to be paraelec- 
tric. On cooling through the phase transition to the ferroelectric state, the sym m etry is 
lowered and polar dom ain patterns are o bserved '114). In the critical region and below 
there is com m only a com plex interplay between the electrical, mechanical and thermal 
properties o f the material, som etim es with a history dependence arising from strains 
that develop during heating and cooling cycles. The main uses of these kind o f mater­
ials are as ceram ic capacitors and piezoelectric transducers for sonar systems.
Ferroelectric m aterials often have a perovskite structure, with general form ula A BO 3, 
where A is a m onovalent or divalent metal and B is a tetra or pentavalent metal. Their 
structure can be regarded either as a cube with the A atoms at the corners, the B atoms 
at the centre and the O atoms at the face centres or, as a cubic array of B 0 6 octahedra 
linked by shared oxygens with the A atoms occupying the spaces between. These 
com pounds readily undergo structural transitions which involve non-polar phonons 
(associated with the tilting of the oxygen octahedra) as well as ferroelectric and an- 
tiferroelectric transitions""*^. In the cubic phase, small displacements o f the cations 
towards the anions also lead to polarisation.
The ferroelectric behaviour it is thought to arise from either of the following:
• D isplacive motion near the phase transition which is characteiised by zone- 
centre vibrational modes or ‘soft m odes’" 16).
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• An order-disorder transition described by the ‘eight-site’ model in which the cu­
bic phase experiences random distortions along eight cube diagonals [1 1 1 ], lead­
ing to various lower-sym m etry phases; the tetragonal phase consist o f displace­
ments along four cube diagonals giving an average structure with a polarisation 
along [l 00]; the orthorhom bic phase has two ‘sites’ occupied and a polarisation 
along [110 ]; the rhom bohedral phase involves order along [1 I 1] " I7).
The m aterials used in this work, BaTiOi and KNbO^, undergo four crystal structure 
changes, from cubic —> tetragonal —> orthorhom bic —» rhombohedral as they are cooled 
down. For BaTiCL the phase transition studied was the tetragonal to cubic transition 
which occurs at around 393 K (118) while for KNbCL the orthorhom bic to tetragonal 
phase transition was studied, and this occurs near 498 k (I l9’120’l2l).
5.2 Experimental procedure and results
5.2.1 In situ X-ray diffraction: BaTiOi
A  small sam ple of barium titanate (BaTiO}, Alfa Aesar, 99.99% ) was loaded in the 
ceram ic sam ple holder (M acor™ ) and m ounted on the ceramic spindle. The fibre op­
tic sensor was then attached to the spindle through a small hole, fixed to the spindle 
with Teflon ™ tape and the tip placed in close contact with the sample. The rectangular 
m icrowave applicator was then put in place and attached to the microwave generator 
as shown in figure 3.4(a) in Chapter 3. The sample was then heated up to 423 K - bey­
ond the phase transition to the cubic phase - and kept at this tem perature for six hours. 
D uring this tim e a diffraction pattern was taken at low scan speed (8 steps/sec) to as­
sure good quality o f data for structure refinement. A diffraction pattern of the sample 
before heating (at approxim ately 295 K) was also taken for comparison. Figure 5 .1 
shows the diffraction patterns of the sample before and during microwave irradiation.
The two patterns collected were analysed by Rietveld refinement m ethod using the 
General Structure A nalysis System (GSAS) suite o f program s(52). The graphs gener­
ated from this process showing the quality of the refinement are shown in figures 5.2
(a) and (b). The data used for the starting model in the refinement was obtained from 
the Cam bridge Structure Database (C D S)(l22) for B aT i0 3 in its tetragonal and cubic 
forms. A relatively good fit (x2 ~  2.794 and 2.020 respectively) was obtained for both 
refinem ents. W ith the exception of a peak around 22°, which is thought to be due to
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Figure 5.1: X-ray diffraction pattern of BaTiO .3 (a) before and (b) after m i­
crowave irradiation at 423 K for six hours. The insets show reflections for the 
cubic phase (in red) and reflections for the tetragonal phase (in black).
an im purity in the sample, it was concluded that the structures obtained were those for 
BaTiC>3 in its tetragonal and cubic phases respectively.
Once it was established that the material was receiving enough energy to undergo the 
phase transition, a series of experiments were carried out in the same fashion (each for 
6 hours) from  295 to 423 K. Figure 5.3 shows the diffraction patterns obtained from 
these experim ents. These indicate that the phase transition starts at 383 K (10 K lower 
than is reported in the literature^115)) where it was observed that the diffraction pattern 
differs from the one at room tem perature (which is due to the tetragonal phase only). 
This was more clearly seen in the region from 43 to 48° (20) where one of the two 
reflections for the tetragonal phase decreased in intensity while the second reflection 
was slightly shifted to lower angles.
D espite the high quality of the data, Rietveld refinement for those diffraction patterns 
could not be carried out successfully for the two phases simultaneously. These is 
thought to be due to the high correlation between several param eters during the refine­
ment, com pounded by the fact that many reflections from both phases overlap. This 
difficulty is particularly acute when one phase is only present in a small proportion.
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BaTi03 RT X-ray diffraction during microwave radiatio Hist 1
(a)
BaTi03 - 423 K - X-ray diffraction during microwave radi Hist 1 
Lambda 1.5406 A, L-S cycle 503 Obsd. and Diff. Profiles
(b)
Figure 5.2: Rietveld refinement graphs for BaTiO.i. (a) tetragonal and (b) cubic 
phase. The small red + represent the observed pattern, the green continuous 
line represents the calculated pattern and the difference between the calcu­
lated and the observed pattern is shown in the bottom graph (in magenta).
The tick marks show the reflections for the tetragonal and cubic phases re­
spectively.
So, the cubic phase reflections are ‘shadow ed’ by those of the tetragonal phase before 
the phase transition happens. The refinements, when only one phase was used yiel­
ded very good fits in all cases (%2 from 2.020 to 3.773) and very small differences 
between observed and calculated patterns (see figures D .l and D .l in Appendix D). 
The cell param eters obtained from the refinem ent are shown in figure 5.4 where the 
phase transition is clearly observed to have been com pleted at ~ 3 9 3  K.
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21 24 27 30 33
Figure 5.3: X-ray diffraction pattern of BaTiC>3 heated with microwave radiation 
at different temperatures, (a) 295 K, (b) 383 K, (c) 388 K, (d) 393 K and, 423 K. 
The symbols show the reflections other than the ones from BaTiC^; (*) unkown 
impurities and (+) PTFE from sample holder.
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Figure 5.4: Cell parameters for BaTiO j determ ined by Rietveld refinement of 
X-ray data under microwave irradiation, a j ,  c j  and ac  represent the cell para­
meters for the tetragonal (T) or cubic (C) phase. The dotted line marks the 
tem perature at which the phase transition is reported for conventional heating.
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From the above results, and as a way to corroborate that the phase transition occurred 
with microwaves at a lower temperature, a new set o f experim ents with microwave ra­
diation w ere carried out with data taken only in the region from 43 to 48° (20). These 
m easurem ents also served the purpose of determ ining whether a reliable and fast ana­
lysis o f sam ples could be perform ed by scanning over a small angular range, perhaps 
with better counting statistics. Two sets of experiments were carried out for this pur­
pose, using a fresh sam ple each time. In the first experiment, the sam ple was heated 
up at different tem peratures from 295 to 413 K  and held at each tem perature while the 
diffraction pattern was taken. In the second experiment, the set o f tem peratures was 
chosen to be close to and below the conventional phase transition so the sample was 
heated from  378 K  to 391 K.
As the Rietveld refinem ent m ethod is used only for whole-pattern analysis, for this 
part o f the analysis we choose to use a general curve-fitting program (OriginPro, v7.5) 
to treat these two reflections, and determ ine basic features such as height (related to 
relative am ount o f a particular phase), breadth (which may provide information about 
properties o f the m aterial such as strain and domain size) and position (which may 
indicate som e cell param eter). The peaks were fitted to a set o f Lorentzian curves, one 
for each Bragg peak, (details on this can be found on Appendix D) as this was found 
to yield a better fit. A lthough the diffraction peaks for a perfect sample are best ap­
proxim ated by a Gaussian curve in the scattering angle, Lorentzian broadening occurs 
as a consequence o f strain and small domain size, both of which could be significant 
in this case. This analysis also enabled us to detect the co-existence of tetragonal and 
cubic phases (overlapped reflections) in this region quickly and simply. In this case, 
reflections (002) and (200) for the tetragonal phase and (200) for the cubic phase. The 
results o f this procedure are shown in figures 5.5 and 5.6.
These data indicate that the phase transition has started at a tem perature below the con­
ventionally accepted value o f 393 K is already well underway by 388 K and at 391 K 
(figure 5 .6(g)) there is only a very small portion of the peak for the tetragonal phase 
present.
In figure 5.5 it can be seen that at 403 K and 413 K only one peak is observed, attributed 
to ju s t the cubic phase. The param eters obtained for the different curves fitted to each 
reflection on all patterns can be found in tables D.2 and D. 1 in Appendix D.










Figure 5.5: Results of fitting Lorentzian curves to reflections for the tetragonal and cubic 
phases of BaTiC>3 -in the region from 43° to 48° in 20- for microwave heated samples, 
(a) 295 K (b) 373 K, (c) 383 K, (d) 393 K, (e) 403 K, (f) 413 K and, (g) 433 K. The 
fitted curve for the contribution of each reflection -in the case of the tetragonal phase- is 
represented as a continuous green line while the fitted curve for both these reflections 
and the cubic phase reflection is shown as a dotted red line. Peak parameters can be 
found in Table D.2 in Appendix D.
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Figure 5.6: Results of fitting Lorentzian curves to reflections for the tetragonal and cubic 
phases of BaTiO.i -in the region from 43° to 48° in 20- for microwave heated samples, 
(a) 378 K , (b) 381 K, (c) 383 K, (d) 385 K, (e) 387 K, (f) 388 K and, (g) 391 K. The fitted 
curve for the contribution of each reflection -from the tetragonal phase- is represented 
as a continuous green line and the fitted curve for both reflections as a dotted red line. 
Peak parameters can be found in Table D.1 in Appendix D.
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5.2.2 In situ neutron diffraction: KNb03
Neutron diffraction experim ents were performed on KNbCL with in situ microwave ir­
radiation on the HRPD at the ISIS Facility at the Rutherford-Appleton Laboratory. The 
arrangem ent and description of the microwave-neutron diffraction set-up has already 
been given in som e detail in Chapter 3. Here, only a short description of the experi­
mental procedure is given.
The sam ple of K N bO .3 (Alfa Aesar, 99.999% ) was loaded in a thin-walled piece of 
silica tube supported on a microwave-transparent ceramic holder and the tem perature 
was m onitored using a fibre-optic probe im m ersed in the sample. The passage o f neut­
rons through the waveguide was by two two-centim etre diam eter holes for the incident 
and scattered beam  (refer to figure 3.4(B) in Chapter 3). Only data obtained from the 
90° detector bank was used which in our case represented the data of better quality for 
structure refinem ent purposes. TOF neutron patterns were recorded in situ, between 32 
and 120 msec. For a fixed tem perature several scans at approximately six m inute in­
tervals were taken to explore the tem perature stability when microwave radiation was 
applied. Sets of data taken in this way were measured for different tem peratures from 
343 K up to 516 K.
For com parison, in situ experim ents with conventional heating were also carried out 
in a standard vacuum furnace with a vanadium element and heat shields. The furnace 
tem peratures were controlled and monitored using two chrom el/alum el therm ocouples 
(type K) located at the top and bottom of a cylindrical vanadium canister. The pow der 
neutron diffraction patterns were recorded at longer scan times (one hour each) at each 
tem perature from 343 K up to 603 K. The series of diffraction patterns obtained for 
both m ethods of heating are shown in figure 5.7 and figure 5.8.
The different pow der diffraction patterns thus obtained were indexed according to the 
expected phase for each tem perature using the CDS database and analysed by Rietveld 
refinem ent using GSAS. W hen samples are mounted in the HRPD, the stick that po­
sitions them  in the beam  has been carefully engineered to ensure that it sits centrally 
in the flight path, as well as at a very precise position with respect to the neutron 
TOF from  the target and moderator; different sticks may be used in conjunction with 
different cryostats, furnaces, or for am bient conditions, all with a well-defined TOF
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Figure 5 .7 : S elected  regions of the neutron diffraction patterns of K N b O } dur­
ing m icrow ave heating taken at (a) 3 4 3  K, (b) 393  K, (c) 431 K, (d) 461 K, (e) 
4 9 3  K and, (f) 5 1 6  K.
TOF / msec
Figure 5 .8: S e lected  regions of the neutron diffraction patterns of KNbO.i dur­
ing conventional heating taken at (a) 343  K, (b) 363  K, (c) 383  K, (d) 4 0 3  K, (e) 
4 2 3  K, (f) 4 4 3  K, (g) 4 6 3  K, (h) 483  K, (i) 503  K, (j) 523  K, (k) 543  K, (I) 563  K, 
(m) 5 8 3  K and, (n) 603  K.
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param eter to be used in the refinement of data. In the current experim ents, the sample 
was not fixed in the beam with the same precision, partly because of constraints im ­
posed by the optics o f the waveguide and the way it was connected to the generator. 
Consequently, there were concerns about possible sample m isalignm ent so the follow ­
ing procedure was follow ed for the refinement o f data o f the microwave heated samples 
to enable som e degree o f correction to be made, if necessary. Cell param eters obtained 
after refinem ent o f the conventionally heated samples at 343 K (the lowest m easured 
tem perature for both heated systems) were used as fixed values for the refinement of 
the structure of the m icrowave-heated samples while the instrum ent param eter DIFC 
(which relates TOF to d-spacing, and is directly influenced by changes in position 
along the neutron flight-path) was allowed to vary, and refined to find a new, optim um  
value. This new value of DIFC was then used as a fixed value for all other refinements 
of the m icrow ave-heated samples. Several scans for each tem perature were refined 
sim ultaneously.
In this sam ple, it was observed that the transform ation for the microwave heated sample 
took place between 461 and 493 K, 30 K lower (at around 493 K) than that observed 
for the conventionally heated sample (523 K). As the resolution of the HRPD is higher 
than that o f conventional, laboratory X-ray diffractom eter it was possible, in this ex­
perim ent, to carry out a sim ultaneous refinement for the two phases. This revealed 
that the transform ation occurred not in a single step but with the two phases coexisting 
at different proportions until the transformation was completed. One reason for this 
is that the m icrowave-heated sample could contain ‘hot-spots’, on either a micro- or 
m acroscopic scale. The results for the proportions present of each phase for the con­
ventional and microwave heated samples are shown in figure 5.9.
The cell param eters obtained from the structure refinements for each tem perature are 
shown in figures 5.10(a) and 5.10(b). The whole set o f results as well as all the graphs 
produce for each set o f neutron patterns can be found in Appendix D.





Figure 5 .9 : O rthorhom bic (□) and tetragonal (o) phases fractions in K N b 0 3 
determ ined  by R ietveld refinem ent for neutron diffraction data  for (a) m icrowave  
heating and (b) conventional heating. The graph for m icrowave heating shows  
the several proportions obtained for the refinem ent of each individual neutron  
pattern taken at each tem perature . The  dotted circles are only used to indicate  
the set of scans for each tem perature  and the tem peratures are stated in the  
sm all boxes for (a). Fractions m ay be inacurate because the contributions from  
the brass reflections which would give a system atic error.
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Figure 5.10: Cell parameters and cell volume for KNb03 determined by Ri- 
etveld refinement data with conventional (*, A, ♦, •) and microwave heating 
( , A, o, o). (a) shows data for the orthorhombic phase and, (b) for the tetra­
gonal phase respactively.
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5.3 Conclusion
The X -ray pow der diffraction m easurem ents on B aT i0 3 clearly dem onstrate that in 
situ data o f sufficient quality for Rietveld refinement may be taken on a laboratory 
instrum ent using a conventional sealed-tube instrument. There is no clear indication 
that the transition tem perature (Tc) between the cubic and tetragonal phases of this 
material are lowered significantly in the microwave field, though there is evidence that 
there is a distribution o f tem perature within the sample near Tc that is sufficient to 
produce a distribution of the two phases. The neutron powder diffraction m easure­
ments on K N b 0 3 suggest that there m ight be a more significant reduction in transition 
tem perature - in this case between the tetragonal and orthorhom bic phases - but again 
there is som e evidence for a distribution o f temperature in the sample at either a micro- 
or m acroscopic scale. To clarify what is happening in both materials requires further 
m easurem ents, taken in closer steps in tem perature near Tc with the higher resolution 
instrum ent to enable successful resolution of any coexisting phases. Such work should 
also be com plem ented by theoretical work to explore which lattice modes are most 
likely to couple to the microwave field, and how any of the energy that is put into the 
system in this m anner is redistributed and manifested in structure deform ation. This 
m ight then inform a more detailed study of more subtle structural param eters such as 
anisotropic ADPs^23).
Chapter 6 
Selective heating in microwave 
irradiated supported-metal catalysts
6.1 Introduction
It was dem onstrated in Chapter 5 that one of the m ost incisive techniques to m on­
itor structural changes in m ost materials is diffraction of either X-rays or neutrons. 
These techniques may also provide real-tim e information about reaction interm ediates 
which may then lead to m echanism s of processes(69). Following the experience with 
the K N bO _3 system , where the phase transition between polym orphs was followed by 
in situ neutron diffraction, it was thought that this technique could be used to study 
changes in the lattice param eter with temperature for a material when irradiated with 
microwaves. This would effectively produce a phase-specific probe of temperature, 
once the expansivity o f each phase had been determined over an appropriate range 
of tem perature with conventional heating. This approach does of course assum e that 
the m echanism  o f therm al expansion is not also perturbed by the microwave held, 
and there have been suggestions that it m ight(23); we discuss such effects below and 
m aintain that to a good approxim ation and unless the material being studied has very 
unusual properties, thermal expansion does provide a good indication of temperature. 
Further, in the system s to which we chose to apply the method - the response to m i­
crowave radiation o f the supported catalysts M 0S2/OC-AI2O3 and Ni(lO% ) /A F O 3, the 
key issue is w hether there can be an anomalous tem perature differential between the 
catalyst and the support, com pared to the conventionally-heated case, and the determ ­
ination o f absolute tem perature is not the central issue. In this Chapter we describe 
high-resolution neutron pow der diffraction m easurem ents to study this problem.
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6.2 Thermal expansion
The therm al expansion of a crystal is the result o f the changing balance between an 
increase in elastic energy and a reduction in the frequencies of various phonons, and is 
not necessarily a sim ple function of tem perature112-^. However, over relatively small 
tem perature ranges, linear expressions may be used to param eterize such dependencies 
quite effectively(l24) so that, for example, the volume, V(T), may be related to the 
tem perature T  with the following expression:
V {T )  =  Vq +  V].T  +  V2.T 2 (6.1)
Likewise, the length L(T)  may be related to tem perature through the expression:
L{T) =  L0 + L ]. T + L 2.T 2 (6.2)
A m ore approxim ate approach involves truncating such expressions at the linear term, 
which is perhaps the m ost common treatm ent of bulk expansivity data. The coeffi­
cient o f therm al expansion (CTE) is defined as the fractional increase in length per 
unit rise in tem perature. If  it is specified at a precise temperature it is called the true 
coefficient o f thermal expansion and it is related to the slope of the tangent to the 
length-tem perature curve. W hen specified over a tem perature range, it is called the 
mean coefficient o f thermal expansion and it is determined by the slope o f the chord 
between two points on this curve. There are two com m only used terms to define the 
expansivity. One is a  (KA1), the coefficient o f linear expansion, defined by:
AL/Lo
~AT~( 6 ' 3 )
where:
AL  is the change in length (m),
Lq is the length at 7o (m),
L  is the length at tem perature T,
A T  is the change in tem perature T  — Tq (K).
The other is the coefficient of volume expansion, (3 (K 1), defined in an analogous fash­
ion to a . If  the solid is isotropic - as is the case for cubic polycrystalline or amorphous 
solids - there is a sim ple relation between the coefficient of thermal expansion and the 
coefficient o f volum e expansion:
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P =  3 a  (6.4)
It should also be appreciated that thermal expansion is strongly influenced by the de­
gree o f anharm onicity in the vibrational spectrum (l23). For a harm onic oscillator, the 
potential energy associated with the interatom ic forces has a quadratic form, centred 
on the mean atom ic separation, ro. As the tem perature is raised and the occupancy 
of higher vibrational states increases, there is no change in ro. It is only when the 
force-field deviates from a form which is symmetric about ro - for example when an- 
harm onic effects are significant - that ro may change upon heating, usually increasing 
as tem perature is increased.
6.3 Microwave irradiation in heterogeneous catalytic sys­
tems
For microwave dielectric heating of catalytic systems, claim s have been m ade that re­
action rates may be enhanced and selectivity changed for a specific product1126,127,291 
as a consequence o f changes in the tem perature gradients between the different com ­
ponents in the reaction. Such tem perature gradients may be the result o f ‘hot-spots’ 
on the catalyst b ed 1128,1291 or selective heating of active sites1130-1. However, there 
is relatively little sound evidence for such effects. In one case11311, the formation of 
hot-spots was postulated on the basis of the observation of the formation of traces of 
a -a lum ina  in a sam ple whose support contained initially only y-alumina, while the av­
erage tem perature, m easured with an optical fibre thermometer, rem ained well below 
the tem perature at which the y -a  transition normally occurs. However, there have also 
been c la im s11321 that such tem perature gradients are not significantly higher. In this 
case, the tem perature m easurem ents were made by inserting a therm ocouple into the 
reaction zone after the microwave radiation was switched off and a tem perature decay 
curve recorded and extrapolated back in time to obtain a reaction tem perature at the 
m om ent the pow er was switched off. In all cases, it is clear that one of the m ost chal­
lenging aspects of the study o f microwave-driven processes is an accurate and precise 
determ ination of the tem perature of a material during microwave heating. A ddition­
ally, if  a m ethod that reveals chemical and structural changes in situ (while the process 
is taking place) is used, this could be a feasible way of detecting these tem perature 
gradients in supported-m etal catalysts and other solid-state processes.
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Catalysts in which the active phase is dispersed on support m aterials are com m only 
prepared with relatively low loadings of active phase with the highest possible d is­
persion so as to optim ize the surface area of the active material. Supported nickel 
catalysts provide an exception among working catalysts. They tend to use higher load­
ings o f metal, typically between 10 and 40 atom percent and as a result have larger 
metal crystallites which lend them selves to study via diffraction techniques. They are 
used industrially for hydrogenation processes and for the production o f synthesis gas 
via the steam reform ing of methane. The nickel is generally supported on high surface 
area Y-AI2O 3; consequently the support material is poorly crystalline so diffraction 
may provide only a very coarse measure of the tem perature of that phase. Information 
about differential heating then comes from a com parison between the particle tem per­
ature determ ined through the expansivity, and the mean sample tem perature, determ ­
ined by conventional thermometry. It would be better to study a system in which both 
the support and the supported phase were highly crystalline. Therefore, we also stud­
ied the effect o f microwave radiation on the structure of M 0S2 supported on crystalline 
CC-AI2O 3 - this also being an example o f a system for which anom alous heating by 
microwaves has been reported(128,1291.
6.4 Experimental Procedure
6.4.1 Catalyst preparation
A 10% wt nickel on alum ina catalyst was prepared using a co-precipitation technique. 
Solutions o f nickel nitrate (1.0 M, Aldrich) and aluminium nitrate (1.0 M, Aldrich) 
were m ixed in appropiate ratios at 333 K prior to the addition of an excess of am ­
m onium  carbonate (1.0 M, Aldrich). The amm onium  carbonate was added in a drop- 
w ise m anner over a period of 90 minutes with continuous stirring. The result o f this 
was the precipitation of the nickel and aluminium carbonates/hydroxycarbonates. The 
solution was then cooled before vacuum filtration. The filtrate was washed with deion­
ised water and dried at 363 K. The oxidic catalyst precursor was obtained after heating 
the sam ple in air at 823 K for a period of 16 hours to remove carbonates/hydroxycarbonates. 
The catalyst in its active state was produced by reduction in a flow of 10% hydrogen 
in argon at 873 K for further 16 hours. The catalyst was cooled to am bient tem per­
ature before slowly increasing the concentration of air passing over the catalyst. This
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procedure was undertaken in order to passivate the surface of the nickel metal without 
inducing deep oxidation o f the nickel crystallites.
The M oSo/a-A LCL catalyst was prepared from a mechanical m ixture o f 30% wt of 
m olybdenum  disulfide (Aldrich, 99%; <  2 micron) and 70% wt of a-a lum ina  (co­
rundum , Aldrich, 99%; -l 00 mesh). Both chem icals were throughly ground using a 
pestle and m ortar for approxim ately 20 min.
6.4.2 In situ neutron diffraction studies
The experim ents were carried out on the HRPD at the ISIS Facility at the Rutherford- 
A ppleton Laboratory. The microwave heating apparatus, designed to be used mainly 
for in situ X-ray diffraction experim ents (see Chapter 3) was modified accordingly for 
the purposes o f this experim ents. The experimental set up is described next.
The sam ples were loaded in a thin-walled piece of silica tube supported on a microwave- 
transparent ceram ic holder (ShapalrM ). Temperature was m onitored using a fibre- 
optic probe (Neoptix T l ,  Tmax. 523 K, resolution of 0.1 K) in intim ate contact with 
the sample. The passage of neutrons through the waveguide was facilitated by two- 
centim etre diam eter holes for the incident beam detectors for neutrons scattered (see 
figure 3.4(B)); o f these, data taken on the 90° detector bank were of the highest res­
olution. N eutron-absorbing gadolinium  sheet was used to try to m inim ise scattering 
from other com ponents of the microwave heating system. TOF patterns were recorded 
in situ, between 32 and 120 msec, and for a fixed tem perature several scans at approx. 
six-m inute intervals were taken to explore the tem perature stability when microwave 
radiation was applied. A series of tem peratures from 291 K up to 518 K were explored 
in the same way for the two different samples.
For com parison, in situ experim ents with conventional heating were also carried out 
in a standard vacuum furnace with a vanadium element and heat shields. The furnace 
tem peratures were controlled and m onitored using two chromel/alumel therm ocouples 
(type K) located at the top and bottom o f a cylindrical sample vanadium canister. The 
pow der neutron diffraction patterns were recorded at longer scan tim es (one hour) from 
291 K to up to 518 K for the nickel catalyst and up to 1073 K for the M 0S2/0C-AI2O 3 
catalyst.
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The different pow der diffraction patterns obtained were indexed accordingly as hexagonal 
M 0S2, OC-AI2O3 and cubic m etallic nickel. All data collected were analysed by Ri- 
etveld refinem ent m ethod using the General Structure Analysis System (GSAS) suite 
of p rogram s1521. In order to m inim ise any sample m isalignm ent problem s, the fol­
lowing procedure was followed for the refinement of data o f the microwave heated 
samples. Cell param eters obtained after refinement of the conventionally heated samples 
at 291 K were used as fixed values for the refinement o f the structure of the microwave 
heated sam ples while the instrum ent param eter DIFC (related geometry of the instru­
ment) was allowed to be refined. The new DIFC value obtained was then used as a fixed 
value for the follow ing refinements of the microwave heated samples (where several 
scans for one tem perature were refined sim ultaneously) allowing the cell param eters 
to be refined freely.
6.5 Results
6.5.1 Nickel-supported catalyst
The neutron diffraction patterns of the two series of scans for conventional and m i­
crowave heated sam ples are shown in figures 6 . 1 (A) and (B). For the microwave heated 
samples, and for illustrative purposes only, one scan is shown for each temperature. 
The extra features observed in the microwave heated samples were assigned to the 
reflections from  the brass waveguide. No significant changes were detected between 
scans taken at each tem perature (refer to figure E.2 in the Appendix E); hence, the re­
finem ent procedure was sim ultaneously applied to each m em ber of the set o f all scans 
taken at each tem perature (each taken for approxim ately 6 minutes). Note that no dis­
tinct peaks that could be assigned to the support phase could be seen.
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Figure 6.1: N i(10%) /AI2O 3 heated (A) conventionally and (B) with microwaves 
at (a) 291 K, (b) 323 K, (c) 373 K, (d) 423 K, (e) 473 K and (f) 516 K. Crosses (+) 
indicate the response of amorphous alumina and asterisks (*) the contribution 
from the microwave waveguide.
The results for the refinem ent o f data taken for the supported nickel catalyst are shown 
in figure 6.2(a) and (b) for the two samples heated at 423 K using both methods. The 
additional features observed in the microwave heated sample (around 45-46, 63-64 and 
73-74 msec) were due to scattering from the brass microwave waveguide and were in­
dexed as two single brass peaks (CuZn, 35:65). These reflections were also included 
as two additional phases during the refinement due to the overlapping with the sample 
reflections. This procedure led to a more satisfactory refinement of the different data 
sets. The observed pattern (shown as red scattered crosses) and the calculated pattern 
(solid line overlapping the scattered crosses) were in agreement. The difference curves 
(shown in m agenta) between the observed and the calculated patterns are shown at the 
bottom  o f each graph.
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(a)
Ni (10%)/A1203 - 423 K - Microwave heating Hist 10
(b)
Figure 6.2: Rietveld refinement for Ni(10%) /AI2O 3 at 423K with (a) conven­
tional heating and (b) microwave heating. The small + represent the observed 
pattern, the green continuous line represents the calculated pattern and the 
difference between the calculated and the observed pattern is shown by the 
bottom line in magenta. The tick marks indicate the different phases used in 
the refinement - the upper two sets for the brass of the microwave waveguide, 
and the lower set for the nickel.
The graphs obtained for each pattern after refinement, as well as the graphs for the 
conventionally heated samples, can be seen in Appendix E together with all the cell 
param eters and profile param eters obtained from this analysis.
The cell param eters and cell volume (figures 6.3 (a) and (b)) for nickel metallic particles 
were obtained from this analysis for both the conventionally and microwave-heated 
cases. These values could be fitted to equations 6.1 and 6.2 as appropriate, with signi­
ficant w eighting of the co-efficient o f the term in tem perature squared*I24), and values 
for the various co-efficients in these equations, together with the thermal expansion
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coefficients (TEC) are reproduced in table 6.1. The values for the volum e expansion 
under conventional heating were then used to produce a calibration curve with which 
to determ ine the tem perature of the nickel fraction of the sample under microwave ir­
radiation. If  we specify this tem perature as T*, we can determ ine its value as a solution 
o f the follow ing equation:
(y0 - V r t ) +  r i/ I + (7’*)2V2 =  0 (6.5)
Table 6.1 : Results of fitting lattice parameters or volume to equations 6.1 and 
6.2 for the therm al expansion of nickel particles. The coefficients x „ (n = 0,1,2), 
refer to length or volume, as appropriate.
Param eter
TEC *103 







& N i-C O N V 0.58 3.51330 2.0436* 10~5 3.7815*10 ’ 8
(0 .00201) (1 .02 81-5 ) (1.2731 * 10“ 8)
V N i - C O N V 1.73 43.36570 7.5154* 10“ 4 1.4261 *10" 6
(0.07640) (3 .9 1 16*10-4 ) (4.8434* 10“ 7)
a N i~ M W 1.70 3.50457 5.9546* 10“ 3
(0.00153) (3.7538* 10^6)
V n î- mw 5.18 43.03646 0.0022
(0.05724) ( 1.4041*10 —4)
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Figure 6.3: Thermal expansion for a Ni(10%)/ AI2O 3 catalyst heated conven­
tionally (■) and with microwave radiation (o). (a) Volume expansion and (b) 
linear expansion. The solid line represents the least-squares fit to the data for 
the conventionally heated sample to a quadratic in temperature.
Results o f this analysis are plotted in figure 6.4 which shows that the nickel particles in 
the m icrowave heated samples appear to be ‘hotter’ than when heated conventionally. 
In contrast to the M oS2-supported catalyst the nickel-supported catalyst was supported 
on non-crystalline alum ina so only nickel crystallites could diffract to produce sharp 
peaks.
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Figure 6.4: Temperature of nickel particles (o) on AI2O3 during microwave 
irradiation determ ined through m easurement of the cell volume and plotted 
against the set tem perature (dotted line) during the experiments.
6.5.2 Supported molybdenum disulfide catalyst
As in the previous experim ents, the features observed in the microwave heated experi­
m ent that could not be assigned to the sample were indexed as two single brass peaks 
and included in the refinement procedure. The diffraction patterns of these samples are 
shown in figures 6.5(A) and (B) where, in the case of microwave irradiation, only one 
scan per tem perature is shown for illustrative purposes. The com plete set o f scans for 
all tem peratures, each taken for approxim ately 6 m inutes (as before) can be found in 
figure E. 11 in A ppendix E.
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Figure 6.5: Powder neutron diffraction patterns for the M0S2/OC-AI2O 3 catalyst. (A) 
conventionally heated samples at (a) 291 K, (b) 473 K, (c) 673 K, (d) 873 K, and (e) 
1073 K; (B) microwave heated samples at (a) 291 K, (b) 353 K, (c) 413 K, and (d) 743 
K. Asterisks (*) indicate reflections from the microwave applicator.
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Figure 6.6 shows a sam ple result o f the Rietveld refinem ent o f data for the sam ples of 
supported-M oS2 catalyst heated at 473 K conventionally and with microwaves. All the 
graphs show ing the results o f profile refinem ent of all this set o f neutron diffraction 
patterns are shown in A ppendix E.
M o S 2 (30%)/A 12 03(70%) - 473 K - Conventional heating Hist 2
TOF, msec
(a)
M o S 2 (30%)/ A 12 03(70%) - 473 K - Microwave heating Hist 6
Bank 2, 2-Theta 90.2, L-S cycle 985 Obscl. and Diff. Profiles
(b)
Figure 6 .6 : R ietveld refinem ent for M 0S 2/OC-AI2O 3 catalyst heated  at 4 7 3  K with 
(a) conventional heating and (b) m icrow ave heating. T h e  sm all + represent the  
observed pattern, the red and green continuous lines represent the calculated  
pattern and background respectively, and the d ifference betw een  the calcu ­
lated and the observed pattern is shown by the bottom line in blue. T h e  tick 
m arks indicate the different phases used in the refinem ent - the upper two sets 
for the brass of the m icrow ave w aveguide, and the low er sets for M 0S 2 and  
CX-AI2O 3.
Refined values o f cell param eters are shown in figures 6.7 and 6.8 from  291 K to 473
K for the two com ponents in the catalyst: the M 0S2 particles and the OC-AI2O 3 support.
Chapter 6. Selective heating in m icrowave irradiated supported-m etal catalysts  131
A  table with all the results from  the refinem ent can be found in the A ppendix E. As 
with the data for the supported nickel catalyst, the conventionally-heated sam ple was 
used to produce a calibration curve, and then effective tem peratures T* o f the MoSo 
were determ ined using equation 6.5. The change in volum e o f catalyst and support for 
both heating regim es are displayed in figure 6.7. The thermal expansion coefficients 
(from 2 9 1 to 473 K) for the two com ponents of this catalyst are listed in table 6.2. The 
com plete set o f data for cell param eters a and c are also given in in figures E .9(A ) and 
(B) in A ppendix E. N ote that, the expansion o f the M 0S2 is significantly anisotropic, 
reflecting the structural anisotropy of this material: expansion is proportionally greater 
in the c direction than in the a direction (figure 6 .8(a)).
Table 6.2: Results of fitting lattice parameters or volume to equations 6.1 and 6.2 
for the therm al expansion of M 0S 2 and (X-AI2O 3 . The coefficients x„ (n = 0,1,2), 
refer to length or volume, as appropriate. (T) The thermal expansion co-efficient 
(TEC) was obtained by fitting only data from 291 K to 473 K.
Param eter TEC* 105 /  K ~ 1 *0 (Error) X]*105 (Error* 105)
&MoS2 - C O N V 0 .66T 3.15159 2.06923
c M oS2 —C O N V 1.05t 12.24624 12.85990
v M oS2 - C O N V 2.38f 105.33690 251
&M oS2- M W 0.65 3.15195 (0.00131) 2.06159 (0.33619)
C M oS2- M W 2.14 12.20801 (0.02031) 26.08970 (5.22828)
v M oS2- M W 3.47 105.03056 (0.17589) 364 (45.27850)
&a i2o 2- c o n v 0 .501' 4.74669 2.38242
c a i2o 2- c o n v 0.671' 12.95549 8.62033
v  A k O i- C O N V 1,87t 252.78954 472
& A h 0 2- M W 0.78 4.74440 (0.00164) 3.71094 (0.421674)
CA120 2 - M W 0.69 12.95442 (0.00175) 8.99003 (0.451701)
V a i 2o 2- m w 2.27 252.52264 (0.20324) 574 (52.3214)
The results confirm that both the catalyst particles and the support were heated effect­
ively with m icrowaves, and indeed both appear hotter than the mean sam ple tem per­
ature m easured with the fluoroptic probe. This points to some system atic error in the 
m easurem ents, but the differential between the catalyst particles and the cooler support
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T /K
Figure 6 .7 : C han g e  in cell vo lum e for a M 0S 2/A I2O 3 catalyst heated  conven­
tionally (■) and with m icrow aves (o). The  solid line represents fits to equations  
6.1 and 6.2 as appropriate, w hile the dotted line is only a guide for the eye.





Figure 6 .8 : C h an g e  in cell param eter for a  M0 S2/OC-AI2O3 catalyst heated  with 
conventional (■, • )  and m icrow ave heating (□, o). Cell lengths a  and c for: (a) 
M 0S 2 and (b) OC-AI2O3 phases. Solid lines are  only a guide for the eye.
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im plies the form er are indeed hotter than the support.
As before, based on the coefficients determ ined for the cell volum e o f the conven­
tionally heated (see table E.4 in A ppendix E) sam ple, a ‘true’ tem perature for the m i­
crowave heated sam ples was calculated as one o f the solutions of equation 6.5. Results 
are plotted as in figure 6.9, com paring the set tem perature and ‘m icrow ave’ tem perat­
ure for the two com ponent in the catalysts. The difference in tem perature between the 
two com ponents is also plotted in the lower part o f the graph as a dotted line.
Figure 6 .9 : Tem perature  of M 0S 2 (■) and OC-AI2O 3 ( • )  particles during m i­
crow ave irradiation d e term ined  through m easu rem en t of the cell vo lum e and  
plotted against the set tem peratu re  (solid line) during the experim ents. The  
bottom  plot show s the tem peratu re  of (□) M 0S 2 and (o) OC-AI2O 3 relative to the  
average bulk tem peratu re  with the dotted line providing a guide to the eye.
We noted above that the thermal expansion is strongly influenced by the degree o f an- 
harm onicity in the vibrational spectrum  <-I23-) and it is conceivable that this in turn does 
couple to a microwave field ̂ 2-3:). Indeed, it has been argued that the m easurem ent o f the 
cell expansion may not be used to provide a reliable m easure o f tem perature, and that 
it is better to use the anisotropic thermal displacem ent param eters (ADPs) which con-
Chapter 6. Selective heating in m icrowave irradiated supported-m eta l catalysts 135
tain a contribution from  the m ean therm al m otion o f the constituent atoms. However, 
it has also been argued that the perturbation o f phonon densities o f states from equilib­
rium (Boltzm ann) values in a m icrowave field is generally very small*-25). Therefore, 
we have taken the cells’ thermal expansion as a reasonable basis for estim ates o f the 
tem perature (a further pragm atic point is that our data do not have a sufficient range o f 
d-spacing to determ ine ADPs with sufficient precision for such analysis to be useful 
in this context). A nother im portant factor to consider in heterogeneous system s is the 
feasibility o f sustaining significant tem perature differences over a sm all length-scale. 
It can be shown (1-11) that metal particles in the nm - micron range can heat up extrem ely 
quickly - at rates o f the order of 1 - 1000 K s- 1 - in microwave fields o f com parable 
strength to those we em ployed (of the order of 106 V m - 1 ). O f course, these particles 
will rapidly transfer this heat to their surroundings - the support - and it is difficult 
to justify  significant tem perature differences between the two phases given the short 
length-scales involved and the high thermal gradients this implies. However, this argu­
m ent is based on a system  at equilibrium . It is conceivable that this is not the case for 
our system; the control circuit leads to fluctuations in the delivery o f microwave power 
(study o f the log that recorded the power applied as a function o f tim e indicated this to 
be o f the order o f 2-3 Hz) so it is possible that for a fraction of the tim e the particles 
are subject to very high heating rate and that their tem perature - and hence cell volume 
- is significantly higher for a fraction of the time.
6.6 Conclusions
In situ neutron diffraction m easurem ents have provided the first direct evidence of a 
differential heating under m icrowave irradiation of highly-conducting particles, dis­
persed over a high surface area support. This may be significant in the study o f the 
influence o f microwave radiation in efficient activation of heterogeneous catalysts. 
However, these results com e with a num ber of caveats. First, the basis o f our m eas­
urem ents is the assum ption that cell param eters or volum e may provide a m easure of 
tem perature for m aterials under both conventional and microwave heating, and this is 
not necessarily rigorous for m icrowave heating because the m echanism  of transfer of 
heat may differ. This is clearly an effect that needs to be studied in greater detail, pos­
sibly at first through theory and m odelling o f the strength of m icrowave-phonon and 
phonon-phonon coupling. Second, it has been argued that therm al gradients o f some 
tens o f Kelvin m aintained over particles o f a micron diam eter or possibly much less,
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are unfeasibly large to be com patible with likely heat flows in this type o f system ; a 
counter to this criticism  is the observation that the tem poral fluctuations in pow er levels 
applied to the supported catalysts may give significant pow er surges to the particles, 
producing short spikes in tem perature that are not directly apparent in the mean tem ­
perature that the therm om eter returns. One interesting follow -up experim ent w ould be 




One o f the problem s encountered while studying solids under microwave heating is 
accurate control o f the applied pow er for sam ples whose microwave susceptibility 
changes significantly with tem perature. This is the case when the sam ple approaches a 
transition between phases of quite different dielectric properties, and it has been sug­
gested that this can lead to a change in the observed tem perature o f the phase transition 
in a m icrowave field (66,l34\
The first rectangular waveguide applicators designed for in situ diffraction were not 
able to control the pow er at the sam ple very precisely(69,113). In many cases, where 
the m icrowave susceptibility is m odest and its response as a function o f tem perature 
relatively flat, this does not pose a problem . However, for m aterials in which the sus­
ceptibility rises very quickly on w arm ing, rapid and sensitive feedback is essential to 
prevent therm al runaway. Ironically, som e o f the system s where ‘m icrowave effects’ 
are m ost likely to be m ost significant, fall into this category - for exam ple m aterials 
that pass through a transition between two phases of quite different dielectric constant.
Perhaps the archetypal material for studies o f ‘m icrowave effect’ in the solid state, and 
certainly the one that has attracted the m ost attention, is A g l(66,134). This Chapter de­
scribes work that used the new applicator design to apply microwave pow er carefully 
to A gl sam ples, in conjunction with a m ore intense X-ray source, together with X-ray 
optics and detector o f higher resolution than previously used, with the sam ple held in a 
glass capillary. The possible applications o f this new microwave applicator for in situ
137
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X-ray diffraction studies could then be extended -in the future - to not only solid state 
studies but to sm all scale reactions during m icrowave irradiation.
A gl is a model fast-ion conductor w hich is not actually used com m ercially as a con­
ducting m edium , but rather provides a model to gain a better understanding o f other 
highly-conducting ionic m aterials. As a consequence it has been studied extensively 
to determ ine the m echanism  o f the conductivity, and its dependence on structure, tem ­
perature and defects.
At room tem perature A gl has a relatively dense hexagonal structure, with m odest 
ionic conductivity. However, upon w arm ing through 461 K (Lo) it undergoes a struc­
tural phase transition from (3-AgI to the cubic a -  A gl phase, which has a much more 
open structure, and a much higher ionic conductivity associated with the more mobile, 
highly polarisable silver ions. There have been extensive studies of the nature o f this 
transition and the charge transport m echanism  in the more conducting state, pointing 
to the role o f Frenkel disorder and anharm onic therm al vibrations in [3-AgI through 
the transition (136,137 \  Previous m easurem ents o f this material under microwave irradi­
ation, using in situ X -ray diffraction and heat capacity d a ta (66,n4\  indicate that the (3 to 
a  transition may be lowered significantly by the m icrowave field. The X-ray m easure­
ments indicated a reduction in the transition tem perature by tens of Kelvin, depending 
on the precise conditions; however, those m easurem ents suffered from crude power 
control, and it is possible that the sam ple underw ent significant excursions to higher 
tem perature throughout the heating ramp, and this may have lead to anom alously high 
tem peratures relative to the mean recorded tem perature. The therm odynam ic m eas­
urem ents were perform ed at lower pow er levels and more careful tem perature control 
and reported a reduction of the transition tem perature by about 2.5 K. In addition, 
we perform ed neutron pow der diffraction m easurem ents at the ISIS Facility of the 
Rutherford-A ppleton Laboratory: lim ited access tim e only perm itted us to perform 
these m easurem ents under conventional heating, but at least this provides com plem ent­
ary diffraction data for the same sample, undergoing the P to a  transition, and points 
out problem s in refining data for the low tem perature phase in both cases.
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7.2 Experimental procedure
Sam ples o f A gl (A ldrich, 99% ) were loaded into a l-m m  external diam eter glass ca­
pillary (80 mm length, glass N o.50, H am pton Research). The mass o f both atom s in 
silver iodide is relatively high, so relatively small am ounts o f the sam ple were used 
to avoid significant X-ray absorption. A round 2.5 - 3 cm o f the capillary length was 
partially loaded with the much less absorbing material a-ALO.s (corundum , Aldrich, 
99%  100 mesh), after which a small am ount o f (3-AgI was loaded. The fibre optic 
sensor was then attached to the capillary so that its tip was in close contact with the 
sam ple and it was fixed in place using Teflon™  tape. The capillary was m ounted on 
the goniom eter head and then the microwave cavity applicator was attached using two 
m etallic stands to m aintain the aligm ent o f the cavity with the instrum ent and the X-ray 
beam  at all tim es. D etails o f the configuration o f the microwave cavity set-up for these 
experim ents can be found in C hapter 3.
M icrowave heating was applied to the sam ples to take them to different tem peratures 
and the tem perature was then kept constant while the diffraction pattern was taken. 
The rotation m echanism  o f the goniom eter head suffered a mechanical problem  during 
the experim ents so no rotation o f the sam ples was possible for these m easurem ents. 
Errors arising from this problem  m ight be m anifested for sam ples in general in Ri- 
etveld refinem ent as anom alous values for param eters such as a preferred orientation; 
however, for a finely ground pow der sample, particularly in the cubic phase, this was 
not anticipated as likely to produce m ajor problems.
Initial experim ents revealed a very strong reflection at approxim ately 45° which was 
attributed to scattering from  the microwave cavity. In the case of the experim ents car­
ried out with A gl scans were run over the range 21° <  20 <  44.5°, which covered key 
characteristic reflections of a  and [3. A scan speed of 0.004125° sec-1  was used, which 
gave data o f sufficient quality for structure refinement. The evolution of peaks in the 
selected 20 region was follow ed for the A gl sam ples on heating and indexed using the 
C d s (1221 data base as described in other chapters.
Neutron pow der diffraction m easurem ents with conventional heating were perform ed 
on the same sam ple on the HRPD at the ISIS Facility o f the Rutherford-A ppleton 
Laboratory using the same equipm ent described earlier in Chapter 5.
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7.3 Results
7.3.1 Preliminary results for X-ray diffraction during microwave heat­
ing
The first experim ents were perform ed on a sam ple o f (3-AgI heated with m icrowave ra­
diation at a rate o f 5 K m in -1  -and an initial set point pow er of 250 W- to test w hether 
the m icrowave cavity set-up delivered pow er to the sam ple with good control. The 
results are shown in figure 7.1 w here it can be observed that once the set tem perature 
was reached, the pow er levels dropped and the sam ple is kept at a constant tem perature 
(figure 7 .1(B)).
(b)
22 24 26 28 30 32 34 36 38 40 42 44
20/°
(A) (B)
Figure 7.1: Diffraction patterns (A) and temperature and power versus time graph 
(B) for J3-Agl heated with microwave radiation at a rate of 5 K m in-1  with a maximum 
achievable power of 250 W. (a) Sample at 293 K, before heating , (b) sample at 
323 K and, (c) sample at 303 K, after heating. The lower part of (B) displays the 
tem perature of the sample during the heating ramp, while the upper part shows the 
corresponding power level. The shaded part of this figure indicates the temperature 
and power levels during the time when the diffraction pattern was taken.
N ext a second set o f experim ents using a fresh sam ple was carried out under the same 
conditions (5 K m in- 1 ) but the m axim um  achievable pow er was set at a lower level 
(200 W) and the cavity tuned accordingly. Patterns were then recorded during heat­
ing from  298 to 426 K, then back down again, both under microwave irradiation. The 
sequence o f diffraction patterns, together with the corresponding tem peratures and mi-
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crowave pow er levels, are shown in figure 7.2. A therm ocouple (type K) was attached 
to the outside wall o f the cavity giving us an indication o f any heat losses (see fig­
ure 7.2(B)).
These m easurem ents show that the tem perature at which the (3 to a  transition starts 
is at around 345 K (figure 7.2(A-c)) where the reflections o f the a  phase are clearly 
observed. The transition seem s to be com plete at around 413 K (figure 7.2(A -f)) - 
alm ost 10 K below that reported for conventionally heated samples. U nfortunately the 
quality o f the data for these experim ents - com prom ised partly by reflections from the 
applicator, and also by the relatively m odest detected intensity - did not allow us to 
perform  structure refinem ent with acceptable precision. The extra features observed 
in the diffraction pattern around the region 30° <  29 <  38° were seen to be due to 
scattering from the Teflon o f the fluoroptic sensor tip as can be seen in figure 7.3. The 
fact that the reflections from the Teflon in the fibre optic sensor were detected also 
gives an indication o f the position of the sensor with respect to sample, and gives us 
som e confidence in the accuracy o f the tem perature measurem ents.
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Figure 7.2: (A) Diffraction patterns and (B) temperature and power versus time 
for Agl on heating up to (a) 298 K, (b) 313-320 K, (c) 345 K, (d) 371 K, (e) 387 
K, (f) 413 K and, (g) 426 K and then cooling down to (h) 389 K, (i) 361 K, (j) 
333 K and, (k) 242 K with m icrowave radiation. The asterisks (*) denote the 
reflections for PTFE in the fibre optic temperature probe, and the shadowed 
areas the a -A g l reflections. In part (B) the lower section displays the tem per­
ature of the sample during the heating ramp, while the upper part shows the 
corresponding power level. The shaded part of this figure indicates the tem per­
ature and power levels during the time when the diffraction pattern was taken. 
The inset to (B) shows the arrangement for the sample in the capillary. The 
tem perature measured at single point outside the cavity wall is shown as red 
scattered red crosses.
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2e r
Figure 7.3: Diffraction pattern for (a) empty glass capillary, (b) fibre optic in­
side glass capillary and, (d) glass capillary filled with the (3-Agl and fibre optic 
tem perature sensor. This indicates clearly the presence of reflections from 
PTFE from the fibre optic tem perature probe in patterns for (3-Agl used in our 
m icrowave experiments.
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7.3.2 X-ray diffraction during microwave heating
A  second set o f experim ents was carried out on A gl to explore more carefully the 
transition, and the observation o f co-existing phases near the phase transition. The 
sim plest rationalisation o f the observation o f co-existing phases is that the sam ple tem ­
perature is not hom ogeneous, and in order to reduce the possibility o f local heating 
or overheating by the microwave radiation, the experim ent was carried out yet more 
slowly, at lower pow er levels. The sam ple was heated in two stages (over two days) at 
a rate of 2 K m in“ 1 from  297 K to 380 K. The initial pow er level was set to be 100 W 
and tuning was applied accordingly. D uring the break between the two heating stages, 
the sam ple cooled down to room tem perature, but on continuing the m easurem ents for 
stage 2 , it was w arm ed back up again to the next point in the sequence at the same 
rate o f 2 K m in“ 1. The graphs o f pow er and tem perature versus tim e for this experi­
ments are shown in figure 7.4. The results o f these experim ents are shown in figure 7.5.
t i me /  mi n
(a) (b)
Figure 7.4: Power and tem perature vs time for a sample of Agl heated with mi­
crowave radiation. Two days experiment, (a) Sample heated from 297 K to 346 K 
at 2 K/min and, (b) same sample as (a) the next day heated at the same rate from 
293 K to 380 K. Shadowed areas represent the times were the diffraction patterns 
where taken. The inset in (a) shows the sample arrangement inside the capillary 
for this experiment.
The results showed again a reduction in tem perature for the com plete transform ation 
of the (3 to the a  phase in A gl at around 363 K which is com patible with the previous 
results. In this case there is no tem perature at which peaks from the two phases can be 
seen to co-exist (figure 7.5 (d’)).










Figure 7.5: Diffraction pattern of Agi during heating in two stages (heating 
rate: 2 K m in_ l ) with microwave radiation. First heating stage (a) 297 K, (b) 
309 K, (c) 319 K, (d) 323 K, (e) 346 K; and, second heating stage (second 
day): (a ’) 293 K, (b’) 363 K (c’) 380 K and (d’) after microwave radiation: 310 
K. The sample was also heated at 2 K m in-1  between runs (e) and (a’). The 
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7.3.3 Neutron diffraction during conventional heating
Pow der neutron diffraction patterns were recorded with conventional heating from 363 
K to up to 443 K, and the results are shown in figure 7.6. It was observed that the 
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Figure 7.6: Neutron diffraction patterns of Agi during conventional heating, (a) 363 
K, (b) 383 K, (c) 403 K, (d) 418 K, (e) 423 K, (f) 433 K (g) 443 K. The shadowed 
area shows the (200) and (211) reflections for a-Agl.
The diffraction patterns from both ways o f heating were used for structure refinement 
analysis and the results are presented in the next section.
7.3.4 Rietveld refinement for Agl diffraction data
The Rietveld refinem ent graphs obtained for both conventional and microwave heat­
ing in both high- and low -tem perature phases are shown in figure 7.7(a) - (d). This 
indicates poor fits for the sam ples where only the low tem perature phase is present - 
figure 7.7(a) and (c)- and alm ost no difference between the observed and the calculated 
patterns for the high-tem perature phase (as seen in the difference curve at the bottom 
o f each graph) -figure 7.7(b) and (d)-. This is reflected in the shape o f the curve for 
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The cell param eters determ ined by R ietveld refinem ent for A gl from these patterns 
are plotted in figure 7.8. The results from the Rietveld refinem ent can be found in 





Figure 7.8: Cell length (A) and volume (B) for Agl determ ined by Rietveld re­
finem ent with X-ray diffraction during microwave heating (■, o) and neutron 
diffraction during conventional heating (■, o). The shadowed area marks the 
tem perature range where both phases are present during conventional heat­
ing.
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7.3.5 Gaussian fit for Agl diffraction data
A different approach was taken then to analysing this results. As it was seen in 
C hapter 5 the analysis o f peak individual reflections can lead to useful inform ation 
such as relative am ount o f a particular phase (extract from the peak height); inform ­
ation about properties o f the material such as strain and dom ain size (breadth); and 
may indicate som e cell param eter (peak position). For this reason, for this part o f the 
analysis we choose to use a general curve-fitting program  (OriginPro, v7.5) to treat 
two reflections for both (3- and a -A g l phases and both heating methods. In this case, 
the best fit was obtained for a G aussian curve which is described as a bell-shape curve 
like the norm al probability distribution function.
A —2 (x  —x0)2
y =  yo +  r= 7xexP ----------2  (7 ' ])
w-\J tc/2 w-
where
yo is the baseline offset,
A  is the total area under the curve from the baseline,
xo is the centre o f the peak,
w is 2 a , approxim ately 0.849 the w idth of the peak at half height.
The graphs and the fitting param eters for these experim ents for various reflections can 
be found in figures F.3 - F.6 and table F.l - F.4 in A ppendix F.
The results for peak position, w idth, area and height determ ined in this way are shown 
in figures 7.9 and 7.10.
Chapter 7. Fast-ion conductors 150
T / K T / K
Figure 7.9: Results of Gaussian fit for (A) peak position, (B) height, (C) area 
and (d) w idth for a sample of Agl heated with microwave radiation. Symbols 
represent: (3-Agl reflections (110) □ , (103) A and, a -A g l reflections: (200) 
0 and (211) .
T/K T/K
Figure 7.10: Results of Gaussian fit for (A) peak position, (B) height, (C) 
width and, (D) area for neutron diffraction patterns on Agl heated with con­
ventional heating. Symbols represent: (3-Agl reflections (110) □ , (102) 
and, a -A g l reflections: (211) A and (200) V.
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7.4 Conclusion
O ur in situ experim ent dem onstrated the ability o f the new apparatus to hold the sam ple 
tem perature steady for a sam ple with a very non-linear response to m icrowave radi­
ation. This enabled us to confirm a striking depression o f the tem perature for the (3 
to a  transition in A gl in such a field. Future m easurem ents are required to determ ine 
m ore detailed structural features in both phases. This m ight provide inform ation about 
anom alous cation distributions, both static and dynam ic: both factors are believed to 
play a role in this particular structural transition, and it is conceivable that both may be 
influenced by the presence o f the m icrowave field. Com plem entary theoretical work 
is also desirable to explore the possible m echanism s of photon-phonon and phonon- 
phonon interactions in this system.
Chapter 8
Conclusions and future work
The principal outcom es o f this work, with som e suggestion for further work, are as 
follows.
• We have designed, built and tested new microwave applicators that will enable 
studies o f structural and chem ical transform ations to be perform ed during m i­
crowave irradiation. A pplicators with rectangular cross-section have been de­
veloped for use in conjunction with both X-ray and neutron pow der diffracto­
meters, and both improve on previous designs^69,113\  A stepper m otor enables 
the cavity length to be controlled, providing a greater degree of control over 
m icrowave power. A lthough the rectangular cross-section is less ideal with re­
spect to correcting for the background than is a circular cross-section in neutron 
scattering, this is a relatively easy correction to make well, and the resulting m i­
crowave optics are m ore straightforw ard and provide better control. An applic­
ator has been built for capillary sam ples and shown to provide excellent control 
o f pow er and hence tem perature, even for sam ples with sharply rising dielectric 
susceptibility as a function of tem perature. One key further developm ent that 
w ould desirable for all o f these applicators is the provision o f com plem entary, 
conventional methods of heating - for exam ple through a hot gas stream - en­
abling better com parison to be made between the two heating m ethods, and also 
offering the possibility of hybrid heating. The capillary applicator is suitable 
for m ounting at a synchrotron X-ray source, enabling faster, higher-resolution 
m easurem ents to be made. Further, this apparatus may also be adapted to look 
at reactive system s, for exam ple hydrotherm al reactions, as indicated in the next 
section.
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• We have established a set o f conditions under which the zeolite ZSM -5 may be 
grown efficiently under m icrowave irradiation, in som e cases offering signific­
ant advantages over conventional methods. The aim of this work is ultim ately 
to explore why m icrowave heating drives this type o f synthesis faster than con­
ventional heating, using in situ diffraction and this is clearly still at an early 
stage. We m ade a prelim inary trial (not reported in C hapter 4) o f the feasibil­
ity of perform ing such m easurem ents on a sealed-tube, laboratory-based X-ray 
diffractom eter, and found that the detected flux was too low for practical kinetic 
work indeed it was a considerable challenge to see any signal from  a crystalline 
sam ple suspended in w ater and held in a glass or PEEK capillary. A synchrotron 
X -ray source is clearly required to progress. Further, to perform  m eaningful kin­
etic m easurem ents, we should also determ ine the tem perature of the sample. One 
way of doing this w ould be to seal a fluoroptic probe into the reaction vessel for 
exam ple using technology sim ilar to that used to make seals with high-pressure 
liquid chrom atography tubing.
• We looked at one exam ple o f post-synthetic processing o f a zeolite by microwave- 
driven solid-state ion exchange with CuCE 2EEO and showed that some earlier 
work using X-ray diffraction to assess the degree of uptake was probably flawed 
through the loss o f some o f the signal from the CuCE 2H 2O through dehydra­
tion in the microwave field. This is one exam ple of many processes in zeolites 
that could be studied by in situ diffraction, again ideally at a synchrotron X-ray 
source using the capillary heating stage. It would also be interesting to explore 
the possibility of m icrow ave-assisted tem plate removal: in principle, microwave 
radiation could be directed at tem plate m olecules that possess a dipole, and per­
haps absorbed preferentially in relation to the host lattice (clearly, this will de­
pend on the presence o f other potentially absorbing m olecules such as water); 
this could then lead to enhanced diffusion or break-up o f such m olecules un­
der gentler conditions than are com m on for conventional calcining, and perhaps 
preserving structures that m ight otherw ise collapse under more robust treatm ent. 
Such work is not restricted to zeolites and there is a wide range o f porous or 
layered m aterials for which microwave radiation may provide a better means of 
driving insertion/deinsertion processes.
• We have perform ed in situ diffraction m easurem ents on phase transitions un­
der m icrowave irradiation in the ferroelectric m aterials BaTiCE and KNbC>3 and
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dem onstrated that such m easurem ents are feasible with a sealed-tube, laboratory- 
based X-ray diffractometer. We also found som e evidence for a low ering o f the 
transition tem perature in K N b03 and an indication that the tem perature is in- 
hom ogeneous across the sample. In both cases a more careful study is needed 
o f m ore subtle structural features, such as peak shape and ADPs, which provide 
inform ation about strain and perhaps anom alous static and dynam ic distortions 
o f the structure. C om plem entary theoretical work could play a valuable role 
here in elucidating ju s t which phonons the microwaves couple to, and ju s t how 
the energy im parted to the lattice in this fashion is redistributed. This would 
help to answ er the question o f w hether m icrowave fields o f the strengths used in 
synthesis can affect the phonons significantly in relation to the density of states 
expected at the sam e tem perature with conventional heating.
• We have provided the first direct indication that support-m etal catalysts and 
related m aterials - can be appreciably hotter than an insulating support during 
m icrowave irradiation. This work has been subm itted for publication (Nature 
M aterials (subm itted, 2006)) The question of how this is possible in view of the 
nature o f heat flow across therm al gradients was raised, and it was suggested 
that this could arise from fluctuations in the pow er of the m icrowave radiation. 
One next step in such work w ould therefore be to aim to deliver microwave 
pow er with a range of tem poral behaviour, as well as to study and w ider range 
of system s to try to reproduce the effects we saw.
• We have provided the first w ell-controlled m easurem ent o f the change in struc­
ture of A gl across the (3-a transition as a function of tem perature during m i­
crowave irradiation. This confirm ed previous reports that the transition tem per­
ature may be significantly reduced relative to that for conventional heating, and 
raises the question of the m echanism  o f such a process. The next stage in this 
work should be a com bined theoretical and experim ental one. The P -a  trans­
ition is known to be influenced by the presence of Frenkel defects involving 
the highly-polarised silver ions, and these may well couple strongly to the m i­
crowave field. Theory m ight elucidate the nature, strength and consequences 
of any coupling, while with X -ray or neutron scattering experim ents on single 
crystals could be used to probe static and dynam ic changes in structure, includ­
ing that o f the defects in the m aterial.
Appendix A 
Mathematical functions for GSAS
The follow ing are the profile functions for constant wavelength X-ray diffraction and 
Time o f flight (TOF) neutron diffraction used for Rietveld refinem ent in the G S A S (52) 
(General Structure Analysis System ) suit o f program s.
The contribution o f a the intensity of a Bragg peak to a particular profile intensity will 
depend on: the structure factor and the am ount of that particular phase; the peak shape 
and the width in relation to its position, the extinction factor, the absorption and, some 
geom etric factors.
The profile coefficients from the Rietveld refinem ent with GSAS can give inform ation 
about the m icrotexture o f the sam ple as detailed below.
The profile function used for constant wavelength (CW) m easurem ents em ploys a 
m ulti-term  S im pson’s rule integration o f the pseudo-Voigt, F ( A T )
A.1 X-ray diffraction functions
11
H ( A T )  =  ^ 8iF ( A T ' ) (A. 1 )
where the pseudo-Voigt is
F (A T /) = r i L ( A r ' , r )  +  (l - r \ ) G ( A T ' , r ) (A .2)
155
Appendix A. M athem atical functions for GSAS 156
The variance o f the peak shape, o 2, varies w ith 20 as
<52 =  U  tan2 6 +  V tan 0 +  W H (A.3)cos-0
w here U, V, W  are the Cagliotti, Pauletti and Ricci coefficients and P  is the Scherrer 
coefficient for Gaussian broadening and the Lorentzian coefficient, y, varies as
X + X scos<t)y =  — +  (Y +  Ye cos<b tan©  (A.4)cos©
from  which the first term  is the Lorentzian Scherrer broadening which includes an an­
isotropy coefficient, X e, and the second term describes the strain broadening and also 
includes an anisotropy coefficient.
This function gives a better fit to asym m etric profiles and shows less correlation with 
the lattice param eters.
A.2 Neutron diffraction functions
The relationship betw een the d  — spacing  for a particular pow der line and its TOF, Tph 
is:
Tph =  D I F C d p +  DIFA cl2 +  Z E R O  (A.5)
where DIF C, DIFA  and Z E R O  are characteristic o f a given counter bank on a TOF 
(/./sec) diffractom eter. D I F C  (//sec/A) m ay be calculated from:
D /F C  =  252.816 * 2 s in 0  I L\ +  \lLt; +  ~  I (A .6 )16
where:
0 is the Bragg angle,
L\  is the prim ary flight path (m),
Li  is the sam ple to detector centre distance (m),
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L3 is the height o f the detector (m).
The profile function used for the TO F neutron refinem ent experim ents was the Ikeda- 
Carpenter function convoluted with a pseudo-Voigt to give the full peak shape function:
H ( A T ) =  I  P ( A T - t ) I K(t)dt  (A .7)
The pseudo-Voigt is defined as a linear com bination of a Lorentzian
p{ t )  =  tvl(* , r )  +  (1 - t \ ) G ( t , r )  ( a .  8)
the Gaussian part being
G/(A7’) =  J  G ( A T - t ) I K{t)dt  (A.9)
and the Lorentzian part
L '(A T )  = J  L ( A T - t ) I K(d)d t  (A .10)
The profile coefficients are defined by
a  =     T (A. 11)a 0 H-aiA,
P =  1 /P 0 (A. 12)
-8 1  799 'R  =  exp I —A -  ) (A. 13)
k X 1
a 2 =  a 2 +  a 2i/2 +  a 2<i4 (A. 14)
Y =  Y0 +  Yi<3f +  Y2d 2 +  (Y i^  +  Y2A/2)cos(|) (A. 15)
with the strain effecting the second term (yi). Assum ing the instrum ental contribution 
to be Gaussian (which means no correction for the instrum ental contribution is needed)
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the isotropic strain, S, can be defined as:
S  =  —Yi * 100% (A. 16)
w hile the corresponding Lorentzian particle size broadening appears in the third term 
(72) so the particle size, p  will be given by:




Figure B.1 : Microwave rectangular waveguide dimensions for in situ X-ray/neutron d if­
fraction studies, (a) Front view and, (b) lateral view. Refer to figure 3.4 in Chapter 3 for 
a more detailed description of this microwave applicator. Measurements are in centi­
metres.
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(a)
Figure B.2: Microwave resonant cavity for in situ X-ray diffraction studies on sample in 
capillaries giving dim ensions of (a) body of cavity.
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(b)
Figure B.2: (C ont). M icrow ave resonant cavity d iagram s for in situ X -ray diffraction  
studies on sam ple  in capillaries giving d im ensions of (b) bottom and top of cavity.
Appendix C
Microwave synthesis and modification 
of zeolites
20/°
Figure C.1 : in situ  X -ray diffraction patterns of 10%  C u C b  2 H 2O -Z S M -5 before  
and after m icrow ave heating, (a) before processing, (b) after m icrow ave irradi­
ation from 3 2 3  to 3 9 3  K, (c) after m icrow ave radiation from  3 9 3  to 4 0 3  K, and  
(d) after further exposure to air overnight.
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Figure C .2: In situ X -ray  diffraction patterns of 3 2 %  C u C b  2 H 7 0 -Z S M -5  before  
and after m icrow ave heating, (a) before processing, (b) after m icrow ave irradi­
ation from 323  to 4 1 3  K, (c) after m icrow ave radiation to 4 1 3  K, and (d) after 
fu rther exposure to air overnight.
-| , 1 ! 1 , 1 , 1 1 1 1 1 1 1 1 [-
15 18 21 24 27 30 33 36 39
26 1°
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The num ber o f m oles o f C u2+ w ithin a sam ple are determ ined by placing the long 
m om ent value, m, determ ined by the SQUID (Superconducting Quantum  Interfer­
ence Device) m agnetron into equation C .l and the m agnetic susceptibility, (equa­
tion C.2) o f Cu2+ at 300 K.
mXm = ~  (C .l)H n
Xm — ^ 7  (C.2)
where,
is the m olar m agnetic susceptibility (in electrom agnetic units, EM U m ol-1 ), 
m  is the m agnetization o f the sam ple (EM U),
H  is the applied electric field (Gauss) and,
n is the num ber of m oles o f m agnetic ions w ithin the sample.
Results are shown in table C .l for a sam ple treated with microwave radiation at differ­
ent irradiation times.
Table C.1 : R aw  S Q U ID  d ata  for m icrow ave heated  solid state C u C b  2 H 2 a b ­
sorption in Z S M -5 .
Time 
/ min
Sam ple mass 
/ g





/  moles g _l
0 0.0503 3.15 2.52 0.5004
10 0.0538 4.06 3.25 0.6037
20 0.0384 2.43 1.94 0.5056
30 0.0380 1.65 1.32 0.3465
45 0.0490 3.60 2.88 0.5878
60 0.0412 3.14 2.51 0.6088
Appendix D
Rietvel refinement results for BaTi03 
and KNb03
D.1 BaTi03
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D.1.2 Lorentzian fitting of X-ray diffraction peaks on the region 
from 43 to 48° in 20
The Lorentzian model use describes a bell-shape curve like the normal probability 
distribution function with the form;
2A w
y = y o  + — j7--------- ^ r . — 2 (D - ')K 4(x  — Xo) +  wz
where:
yo is the baseline offset,
A  is the total area under the curve from the baseline, 
xo is the centre o f the peak, 
w  is the full w idth of the peak at ha lf height.
Table D .l and table D .l shows the results obtained after fitting - using the Lorentzian 
function describe above (equation D .l)-  two BaTiO^ diffraction peaks in the region 
from 43 to 48° in 20. The diffraction peaks fitted are those shown in figure 5.5 and 
figure 5.6 found in Chapter 5, section 5 .2 .1.
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D.2.1 Rietveld refinement of Neutron diffraction patterns
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Table D.4: (Cont). Atom parameters for the orthorhom bic and tetragonal phases of 
KNbC>3 under m icrowave heating determ ined by Rletveld refinement of neutron d iffrac­
tion data.
Orthorhombic Temperature / K
phase 393 431 461 493 516
K {0, 0,0}
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T /K
Figure D.3: c/a ratio as a function of temperature for KNI0O 3 for neutron d if­
fraction data on conventional and microwave heating. Symbols represent the 
microwave (□, o) and, the conventionally (■, •) heated sample.
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(a ) (b)
(c) (d)
Figure D.4: Atom ic displacem ent parameters for KNbO^ determ ined by Rietveld refine­
ment for neutron diffraction data with conventional and microwave heating. Ueq for: (a) 
K, (b) Nb, (c) 01 and (d) 0 2 . The arrows are only a guide for the eye. The solid ar­
rows represents the data tendency observed for conventionally heated samples while 
the dotted arrows represent data tendency for microwave heated samples. Highlighted 
areas mark the point where the phase transition was observed for both heating meth­
ods used. From legend (Insets) MW refers to the microwave irradiated samples, CONV 
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Rietveld refinement results for Nickel 
and M0S2 supported catalysts
E.1 Neutron diffraction data for the Ni(10%)/AI2O3 cata­
lyst
196
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Figure E.2: Complete set of patterns for neutron diffraction data of nickel particles on 
a N i(1 0 % )/A hO 3 catalyst during microwave irradiation, (a) 291 K, (b) 323 K, (c) 373 K,
(d) 423 K (e) 473 K and, (f) 516 K. Scans were taken approximately every 6 minutes. 
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E.2 Neutron diffraction data for the MoS2(30%)/a-AI203(70%) 
catalyst
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Table E .3: (C ont). A tom  param eters  for M 0S 2 and OC-AI2O 3 particles under conventional 
heating determ ined  by R ietveld refinem ent of neutron diffraction data.
Temperature / K
M0S2 291 473 673 873 1073
Z S 2 - 0.120850(252) 0.121146(278) 0.121255(274) 0.122215(289) 0.122597(297)
Yi 32.36(6.173) 7.950(6.888) 56.72(6.697) 93.06(7.437) 1 12.6(7.631)
72 60.01(3.163) 67.77(3.470) 48.02(3.326) 33.75(3.624) 43.7(0.9327)
a-AEOj
Z A I+ 3 0.353212(98) 0.352912(99) 0.353266(93) 0.353082(97) 0.373576(96)
100*U 11 -0.215(61) -0.33(62) -0.109(56) 0.038(58) 0.28(59)
100*U22 -0.215(61) -0.33(62) -0.109(56) 0.038(58) 0.28(59)
100*U33 1.365(104) 1.21(103) 1.336(1.336) 1.768(103) 1.832(104)
100*U,2 -0.108(30) -0.165(31) -0.054(28) 0.01(29) 0.14(3)
X ( ) - 2 0.693893(139) 0.693369(148) 0.693854(153) 0.693666(140) 0.693114(144)
100;i=Ui 1 0.838(47) 0.82(51) 0.86(44) 1.1 15(46) 1.302(46)
100*U22 -0.107(58) -0.36(6) 0.042(54) 0.159(56) 0.475(58)
100*U33 0.512(42) 0.32(4) 0.532(38) 0.836(39) 1.038(4)
100*U ,2 -0.054(29) -0.18(3) 0.021(27) 0.08(28) 0.237(29)
I00*Ui3 0.139(21) 0.195(22) 0.204(21) 0.23(22) 0.232(22)
100*U23 0.278(42) 0.389(45) 0.409(41) 0.46(43) 0.464(44)
Yi 4.438(1.740) 0000(1.811) 0.000(1.644) 3.005(1.692) 2.371(1.713)
Y2 42.05(0.9668) 48.08(0.9903) 45.74(0.9060) 43.92(0.9263) 28.89(3.676)
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T / K(a)
T / K(b)
Figure E.9: T herm al expansion in cell param eters  a (o, □) and c (o, ) for (a) 
M 0S 2 and (b) a -A F O j particles obtained from  neutron diffraction d a ta  during  
conventional heating.
Cell length c (MoS2) / A 
V / (VlV) » m6ua| ||ao
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Table E .4: Results of fitting lattice param eters  or vo lum e following equation 6 .5  in 
C hap ter 6 for the therm al expansion (from  291 to 1073  K) of M 0S 2 and OC-AI2O 3 in 
conventional heating.
Param eters
Phase * o Error* 104 X) * 1 0 5 Error * 106 X 9 *  109 Error* 109
&M oS2 - C O N V 3.15239 4.92478 1.6837 1.61253 4.12992 1.16610
£ m o S2 - c o n v 12.24935 36.4 11.4855 11.9154 13.9874 8.61657
V  M 0 S2 - C O N V 105.42112 250.9 2 11 821.418 421.531 59.40070
&AI2 O 3 - C O N V 4.74729 9.8181 2.32553 3.21476 8.84851 2.32475
c a i 2 o 3 - c o n v 12.95794 23.5 6.79869 7.70825 29.9097 5.5742
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1 mi M 'S n, 1 - *1
/*vw
A
. ŷ A W H
rN**Av*4#MtiA<SA-
1 I 1 I I 1 I 1
(d)
( b )
35 4 0  4 5  50 52 56  60 64  72  75  78 81 85 90 95  1 2 0 1 2 5
TO F / msec
Figure E .11 : Complete set of patterns for MoS2(3 0 % )/a -A l2 0 3 (7 0 %) catalyst from neut­
ron diffraction during microwave irradiation, (a) 291 K, (b) 353 K, (c) 413 K and, (d) 473 
K. Scans were taken approximately every 6 minutes. Asterisks (*) indicate reflections 
from the microwave applicator.
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Table E.5: Cell parameters for M0 S2 and a -A b 0 3  particles under m icrowave heating 
determ ined by Rietveld refinement of neutron diffraction data. * Cell parameters used 
for the sample at 291 K are those of the conventionally heated sample (for details refer 
to section 6.4.2, Chapter 6 .
Temperature /  K
M 0S2 291* 353 413 473
a / Â 3.15761 1(107) 3.159594(201) 3.160728(240) 3.161390(236)
c /Â 12.283665(68) 12.304543(167) 12.307673(199) 12.335317(199)
V / Â 3 106.066(7) 106.38(12) 106.483(14) 106.767(14)
AI2O 3
a / Â 4.754939(98) 4.758132(126) 4.759308(135) 4.762027( 132)
c / Â 12.980574(279) 12.986522(394) 12.990847(424) 12.997292(423)
V / A 3 254.163(13) 254.622(17) 254.833(18) 255.251(18)
Goodness of fit
x 2 7.633 6.992 6.902 7.017
wRp 0.2358 0.1902 0.1974 0.2074
Rp 0.1980 0.1806 0.1910 0.1883
Histogram no. Fraction ratio ( A I 2O 3/ M 0S 2)
3 3.4196 2.4528 2.1987 2.4944
4 3.4397 2.8021 2.1630 2.4503
5 3.5980 2.6231 2.5070 2.2155
6 3.0891 2.6107 2.5308 2.4923
7 3.1174 3.0821 2.4620 2.5112
8 3.6624 2.7932 2.4894 2.5058
9 2.6575
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Table E.5: (Cont). Atom and profile parameters (the later for each histogram used) for 
M 0 S2 and OC-AI2O3 particles under m icrowave heating determ ined by Rietveld refine­
ment of neutron diffraction data. * Atom parameters were not refined in the case of the 
sample at 291 K (for details refer to section 6.4.2, Chapter 6 .
Tem perature /  K
M 0S2 291 * 353 413 473
Z S 2 - 0.106615(834) 0.103898(927) 0.107999(884)
Yi 106.4(9.803) 124.6(9.681) 164.3(11.88) 146.6(12.26)
90.43(8.980) 112.9(10.76) 171.4(12.13) 135.4(10.63)
97.95(9.874) 125.8(10.98) 159.8(12.80) 137.6(10.07)
131.5(10.66) 107.5(9.470) 129.7(10.42) 120.1(9.711)





Z AI +3 0.351190(151) 0.351465(159) 0.351492(164)
100*U n 0.067(92) 0.035(97) 0.313(100)
100*U22 0.067(92) 0.035(97) 0.313(100)
100*U33 -1.391(154) -1.443(163) -1.230(165)
100*Ui2 0.033(46) 0.018(49) 0.157(50)
*0 -2 0.694030(220) 0.693657(248) 0.692178(274)
100*U n -0.887(65) -0.513(74) -0.270(77)
100*U22 -1.141(85) -1.232(89) -1.105(90)
100*U33 0.664(66) 0.570(69) 0.879(73)
100*U,2 -0.571(42) -0.616(45) -0.552(45)
100*U,3 0.314(36) 0.422(40) 0.775(43)
100*U23 0.627(73) 0.843(80) 1.550(85)
Yi 89.52( 1.477) 83.12(1.316) 83.20(1.394) 86.53(1.456)
84.03(1.472) 83.86(1.453) 84.89(1.413) 86.71(1.448)
86.41(1.443) 85.85(1.453) 82.02(1.396) 80.55(1.415)
90.59(1.428) 84.69(1.425) 87.99(1.448) 83.91(1.420)
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F.2 Gaussian fitting of oc- and (3-Ag! reflections of X-ray 
and neutron diffraction data
The best fit was obtained for a Gaussian curve which is described as a bell-shape curve 
like the normal probability distribution function (section 7.3.5, Chapter 7).
A —2 (x  — xo)2
y = y o  +  — ~r=f^  exP-------2—  (R1w /̂tz/2 v v -
where
yo is the baseline offset,
A is the total area under the curve from  the baseline, 
x q  is the centre o f the peak,
w  is 2 a , approxim ately 0.849 the width o f the peak at half height.
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2 0  / *  
(b )
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20/°
(d )
18.5 39.0 39.5 40.0 42.0 42.5 43.0 43.5
(e)
Figure F.3: Gaussian fit graphs for (3-Agl on the (110) and (103) reflections -left and 
right hand side on each graph respectively- for X-ray diffraction data during microwave 
heating. 1st heating stage, (a) 297 K, (b) 309 K, (c) 319 K, (d) 323 K and, (e) 346 K. All 
graphs shown are at the same scale. Red continuous line represents the best Gaussian 
fit obtained.
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T
1  w  H i ' f A
ï- f  \irtr «fi
, M V* '
*1̂ iiL
38.5 39.0 39.5 40.0 42.0 42.5 43.0 43.5
20 I e(a)
34.5 35.0 35.5 36.0 43.0 43.5 44.0
2 0 1 °
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20 / 0 20 r
(C) (d)
Figure F.4: Gaussian fit graphs on the (110) and (103) reflections for (3-Agl and, the 
(200) and (211 ) reflections of a -A g l -left and right hand side on each graph respectively- 
for X-ray diffraction data on heating up with microwave radiation. 2nd heating stage, (a) 
293 K, (b) 363 K, (c) 380 K and, (d) 310 K. All graphs shown are at the same scale. Red 
continuous line represents the best Gaussian fit obtained for each peak while (3 and a  
phases are represented by the black and blue continuous lines respectively.
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A/l 5 - '1i 4- / :
I i\ Counts / ai




78.5 79.0 79.5 80.0 80.5 93.5 94.0 94.5 95.0 95.5 78.5 79.0 79.5 80.0 80.5 3.5 94.0 94.5 95.0 95.5
TOF / msec(a) TOF /  msec(b )
78.5 79.0 79.5 80.0
TOF / msec(c)
78.5 79.0 79.5 80.0 80.5 5 94.0 94.5 95.0 95.5 96.0
(d)
Figure F.5: Gaussian fit graphs for (110) and (102) (3-Agl reflections (left and right hand 
side on each graph respectively) for neutron diffraction during conventional heating, 
(a) 363, (b) 383 K, (c) 403 K and, (d) 418 K. Red continuous line represents the best 
Gaussian fit obtained for the [3 phase which is represented by the black continuous line. 
All graphs are at the same scale.
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Figure F.5: (Cont). Gaussian fit graphs for (110) and (102) (3-Agl reflections (left and 
right hand side on each graph respectively) for neutron diffraction during conventional 
heating, (e) 423 K, (f) 433 K, and (g) 443 K. All graphs are at the same scale. Red 
continuous line represents the best Gaussian fit obtained for the (3 phase which is rep­
resented by the black continuous line. All graphs are at the same scale.
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TOF /  msec(c)
Figure F.6: Gaussian fit graphs for (211) and (200) a -A g l reflections measured by neut­
ron diffraction during conventional heating, (e) 423 K, (f) 433 K, and (g) 443 K. All 
graphs are at the same scale. Red continuous line represents the best Gaussian fit 
obtained for the a  phase which is represented by the blue continuous line. All graphs 
are at the same scale.
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